REMARKS 

In the Final Action, claims 1-40 are pending, of which claims 2, 4, 6, 10-17, 21 and 
24-39 are withdrawn from further consideration as directed to non-elected subject matter. 
Claims 1, 3, 5, 7-9, 18-20, 22-23 and 40 are examined and rejected. The specification is 
objected to for allegedly failing to satisfy the requirement in connection with deposit of 
biological materials. 

This Response addresses each of the Examiner's objections and rejections. 
Applicants therefore respectfully submit that the present application is in condition for 
allowance. Favorable consideration of all pending claims is therefore respectfully requested. 

Specification 

The Examiner has required an amendment to the specification to update the 
biological deposit information in accordance with the Budapest Treaty and to include the 
statement made in the Response filed on August 4, 2006. 

Applicants respectfully submit that the provisions under 37 C.F.R. §L809(d) only 
require the specification to contain the accession number for the deposit, the date of the deposit, 
a description of the deposited material, and the name and address of the depository. All the 
required information regarding the deposits is already included in the specification after entry 
of the Amendment filed on August 4, 2006, In that same Response, Applicants' representative 
also made a statement with respect to the availability of the deposited materials. There is no 
requirement under 37 CF.R. §1 .809(d) or any other regulation that such statement be included 
in the specification. As such, withdrawal of the objection to the specification is respectfully 
requested. 
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Formality Objection 

Claims 1, 3, 18-20, 22, and 23 are objected to for using the abbreviation, "LM04". 
The Examiner states that the abbreviation should be spelled out when first used in the claims. 

Applicants respectfully submit that the specification describes the LMO family of 
proteins (page 2, lin^ 23-28). The abbreviated term "LM04" stands for "LIM domain only 4", 
which is commonly used and is well understood by those skilled in the art, as evidenced by 
KomiyetaUProc Natl Acad Sci USA. 95(19): 11257-11262(1998) (attached hereto as 
Exhibit 1). Applicants have also amended the claims to replace "LM04" with "LM04*^ to be 
consistent Avith the specification and the art, and to reference "LM domain only 4" in the first 
appearance of this term in claim 1 . Therefore, withdrawal of the objection to the claims on the 
basis of the abbreviation "LM04" is respectfully requested. 

Rejections ander 35 USC 8112 

Claims 1, 3, 5, 7-9, 18 and 22-23 remain rejected under 35 U.S.C. §1 12, first 

paragraph, for allegedly failing to satisfy the enablement requirement. 

The Examiner recognizes that the claimed invention is directed to a method of 
detecting the interaction of an immunointeractive molecule with elevated levels of LM04 
protein in the cell as indication of aberrant cell growth. The Examiner acknowledges that the 
specification teaches that over-expression of the LM04 protein in primary breast cancer is 
detected by rat-anti-LM04 antibody. However, the Examiner maintains that those skilled in 
the art would not know how to detect the interaction of LM04 with an immunointeractive 
molecule except where the molecule is an antibody for LM04. Further, the Examiner contends 
that using a particular antibody or immunointeractive molecule for diagnosing or treating a 
particular disease is unpredictable. The Examiner also states that Applicants' remarks made in 
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tihie previous response on page 14^ lines 7-10 are confusing and contradictory with the claimed 
invention. 

Applicants* remarks made in the previom response referenced by the Examiner are 
reproduced below: 

"Applicants respectfully submit that the present invention is 
principally based on the recognition of the relationship between LM04 
and neoplastic cell development, and is not directed to the specific 
nature of the molecule which is used to monitor the change in the level 
of LM04, Therefore, Applicants respectfully submit that the claims 
should not be limited to certain specific molecules, which are provided 
in the specification as examples of immunointeractive molecules." 

Applicants respectfully submit that these remarks are abundantly clear to those 
skilled in the art and do not contradict with the claimed invention. It has been determined in 
accordance with the present invention that LM04 is over-expr^sed in tumor cells, and the 
claimed invention is centered on the determination that over-expression of LM04 is indicative 
of cancer. Once the recognition is provided that LM04 is over-expressed in tumor cells, which 
is uniquely provided by the present invention, those skilled in the art could employ routine 
techniques (including antibody-based assays) to detect the LMCM expression in order to make a 
diagnosis, without undue experimentation. Therefore, Applicants respectfoUy submit that the 
claims should not be limited to certain specific molecules used for detecting LM04 expression. 
In this connection, Applicants provide herewith several references (Exhibits 2-4) in support of 
the notion that detection of the expression of a moleoile, for example, at the protein level, was 
routine in the art at the priority date. 

Further, it is noted that claims 3 and 22-23 are specifically directed to methods that 
employ antibodies for LM04, but are nevertheless included in the rejection. Applicants 
respectfiilly submit that the Examiner's allegation that diagnosis of a disease using a particular 
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antibody or immunointeractive molecule is unpredictable is entirely unsupported. To the 
contrary, the art has documented successful use of antibodies, directed to certain specific 
antigens, in the detection and diagnosis of cancer. See the review article by Harris et al 
relating to lymphoma diagnosis (Hematology Am. Sco. Hematol Educ, Program 194-220 
(2001), attached hereto as Exhibit 5), and the article by Shi et al relating to diagnosis of 
colorectal Carcinoma (J. Histochmistry & Cytochemistry 36: 317-322, 1988, attached hereto as 
Exhibit 6). 

In view of the foregoing, Applicants respectfully submit the specification provides 
sufficient support for those skilled in the art to practice the invention as presently claimed, 
without undue experimentation. Accordingly, the enablement rejection of claims 1, 3, 5, 7-9, 
18 and 22-23 under 35 U.S. C. §1 12, first paragraph, is overcome, and withdrawal thereof is 
respectfully requested. 

Claims 1, 3, 18 and 23 are also rejected under 35 U.S,C. §112, first paragraph, for 
lacking enablement on the ground that the claimed methods employ a deimmunized antibody 
wherein at least one of the CDRs of the variable domain of the antibody derived fi:om the 
monoclonal antibody to LM04. 

The Examiner has considered the supporting references Applicants previously 
provided, yet maintains that the evidence of record is insufficient to establish that an antibody 
molecule containing fewer than 6 CDRs would retain the antigen binding-specificity of the 
original antibody. Specifically, the Examiner asserts that the formation of an intact antigen 
binding site for any antibody requires the association of the complete heavy and light chain 
variable regions of a given antibody, each of which consists of three CDRs. 
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Applicants respectfully submit that it is simply not necessary that six CDRs 
necessarily be present in order for a molecule to bind via an immunointeractive mechanism. 
For example, a single chain antibody will not comprise six CDRs by virtue of the fact that the 
antibody is a single chain, yet such a molecule will nevertheless bind to LM04. Further, the 
three-dimensional structures of antibody and antigen complexes confirm that not all of the six 
CDRs are necessarily engaged in binding an antigen. For example, only 4 CDRs of the anti- 
neuraminidase antibody NC 1 0 contact the antigen in issue (see the attached paper by Malby et 
al. (1994) Structure 2:733-746, attached hereto as Exhibit 7). 

Furthermore, Applicants respectfully submit that although the subject antibody is 
recited in the claims to have at least one CDR derived from the monoclonal antibody to LM04, 
the deimmunised antibody is nevertheless specified as being one with "specificity for an 
epitope recognized by a monoclonal antibody to LM04". Accordingly, in addition to the 
structural requirement that there be at least one CDR derived from a monoclonal antibody to 
LM04, this claim also includes a functional limitation which clearly requires that the antibody 
is directed to an epitope which is recognized by the LM04 antibody* 

Accordingly, Applicants respectfully submit that those skilled in the art would be 
able to practice the claimed methods by employing a deimmunized antibody wherein at least 
one of the CDRs of the variable domain of the antibody is derived from the monoclonal 
antibody to LM04. Therefore, the rejection of claims 1, 3, 18 and 23 under 35 U.S.C. §112, 
first paragraph, for lacking enablement, is overcome. Withdrawal of the rejection is 
respect&Uy requested. 
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Rejection under 35 tf>S,C, S102fe) 

Claims 1,3,5, 7-9, 18-20, 22-23 and 40 are rejected under 35 U.S.C, §102(e) as 
allegedly anticipated by Palm et al, (U.S. Published Application 2003/0092009, having an 
effective filing date of November 16, 2000)* 

Palm et al disclose detection of autoantibodies against LM04 in connection with 
the use of LM04 as a potential cancer marker. Applicants previously asserted that the 
reference does not teach anywhere that the level of LM04 per se in a biological sample is in 
any way correlated with a disease, and that the level of autoantibodies in a sample does not 
necessarily reflect the level of the LM04 antigen* 

The Examiner states that the claimed method is directed to detecting the presence of 
LM04 by determining elevated levels of complex of LM04 and its immunointeractive 
molecule. The Examiner asserte that the currently claimed method does not limit the 
immunointeractive molecule to any particular type of antibody or binding domain and does not 
exclude an autoantibody. The Examiner then goes on to say that the prior art document teaches 
the presence of elevated complexes of LM04 antigen and antibody in neoplastic mammary 
cells compared to normal cells. 

Applicants strongly disagree with the Examiner's assertion. In the first instance, it 
is evident that the claimed methods involve contacting a sample with an immunointeractive 
molecule specific for LM04 and thereafter determining the level of complex formed between 
LM04 and the immunointeractive molecule wherein an increase in the level of said complex 
relative to a normal cell is indicative of an aberrant cell It is inherent that in the context of the 
claimed methods, the only way that the level of the LM04-immunointeractive molecule 
complex could be "elevated*' is if the level of antigen is at a higher level in the cells or sample 
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being tested as opposed to the normal cell It is entirely irrelevant whether or not there is any 
autoantibody present in the sample since even if there were much higher levels of autoantibody 
present in the test sample as opposed to a normal sample, in the absence of the antigen having 
been increased in its level, the level of complex which is formed would remain unchanged. 

The disclosure of Palm et al relating to autoantibodies, which is relied upon by the 
Examiner, does not teach an increase in the level of the LM04 antigen, or detecting such 
increase by employing an exogenously introduced immunoreactive molecule. The Examiner 
has focused on the fact that one is screening for changes in LMCM-antibody "complexes" and 
has not appreciated that it is crucial to also consider the context in which that complex 
formation is facilitated. In the context of the present claims, the complex formation is 
facilitated by virtue of contacting a cell sample with an immunoreactive molecule such as an 
antibody (i.e., the immunoreactive molecule is introduced to the sample exogenously), the 
complex formation which is increased relative to a normal sample, can only be indicative of the 
fact that there are increased levels of antigen present in the cell sample. 

In the Final Action, the Examiner has further identified the disclosure of Palm et aL, 
with respect to an assay of LM04 in certain tumor samples by interaction with its specific 
antibody (Example 1, Table 10). 

Applicants respectfully submit that the results presented in Table 10 of Palm et al 
do not support diagnosis of tumors based on elevated levels of LM04. In Table 10, there was 
only one control sample analyzed for ite LM04 levels and the tissue source for this control is 
not specified* This in itself makes interpretation of the remainder of the results quite imcertain. 
In addition, only 5 out of 1 1 sample showed positive expression of LM04, with only 2 out of 
5 astrocytomas samples showing LM04 expression, and 2 out of 4 glioblastomas samples 
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showing LM04 expression. These results do not support that expression of LM04 is indicative 
of astrocytomas or glioblastomas, or neoplasia in general. 



Accordingly, it is respectfully submitted that Palm et aL do not teach each and every 



element of the presently claimed methods. The § 102(e) rejection based on Palm et al. is 
overcome. Withdrawal of the rejection is therefore respectfully requested. 



Finally, Applicants notes that claim 41 is added and is fully supported by the 



specification. No new matter is introduced. 



In view of the foregoing amendments and remarks, it is firmly believed that the 



subject application is in condition for allowance, which action is earnestly solicited. 



Scully, Scott, Murphy & Presser, P. C. 
400 Garden City Plaza-STE 300 
Garden City, New York 11530 
Telephone: (516) 742-4343 
XZ:ab 

- Enc: Exhibits 1-7 



Respectfully submitted. 




Xiaochun Zhu 
Registration No, 56,3 1 1 
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Identification and characterization of LM04j an LMO gene with a 
novel pattern of expression during embryogenesis 
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Communicated by Anthony Rex Hunter, The SaUc Institute for Biological Studies, San Diego, CA, July 16, J99S (received fo)- review June 3, 1998} 



ABSTRACT LM04 is a novel member of the LIM-oniy 
(LMO) subfamiJy of UM domam-containing transcription 
factors. LMOI, LM02, and LM04 bare distinct expression 
patterns in adult tissue^ and we demonstrate that nuclear 
retention of LMO proteins is enhanced hy the nuclear LIM 
interactor (NLI).//? situ hybridization to early mouse embryos 
of $-14.5 days revealed a complex pattern oiLM04 expression 
spatially overlapping with NU and LUX genes- LM04 expres- 
sion in somite is repressed in mice mutant for the segment 
polarity gene M^;^2 and expanded in Splotch mutants. During 
jaw and limb outgrowth, LM04 and LM02 expression define 
mesenchyme that is uncommitted to regional fates* AUhough 
both tM02 and LM04 are activated in thymSc blast cells, only 
LM04 is expressed In mature T cells. Mesenchymal and 
thymic blast cell expression patterns of LM04 and LM02 are 
consistent with the suggestion that LMO genes inhibit differ- 
entiation. 



The LIM domain, an approximately 55-residue, cysteine-rlch 
zinc-binding motif, is present in a variety of proteins including 
LIM homeobox (LHX) proteins that contain two LIM do- 
mains and one homeodomam. LHX genes are expressed jn 
many types of neurons and other cell types, and deletion of 
LHXgene$ results in the loss of cell fate (1), Mice mutant for 
LHXl have diminished organizer activity that results in lack of 
head structures anterior to rhomboniere 3 (2). In the central 
nervous system ^ development of forebrain and pituitary de- 
rivatives are defective in mice mutant for LHX2, LHX3, or 
LHX4 while activation of the L//;^ gene Isll is essential for 
the survival of motor neurons and neighboring interneurons 
(3). 

LM02 represents a family of nuclear LIM-only (LMO) 
proteins that lack a DNA-binding homeodomain (4, 5). Un- 
regulated LM02 expression induces T cell tumors (6), while 
deletion blocks hematopoietic development (7, 8). The mech- 
anism of LM02 activity is thought to be the LIM domain- 
dependent assembly of transcription complexes and transcrip- 
tion regulation (9). 

LIM domains of nuclear proteins bind with high affinity to 
the widely expressed nuclear LIM interactor (NLI) and with 
lesser affinity to other transcription factors (10-12). Dimeric 
NLI supports assembly of heteromeric complexes of LIM 
proteins (13), and CHIP, the Drosophila ortholog of NLI, 
mediates enhancer-promoter interactions of the cut and ul- 
trabithorax genes, presumably by complex formation with 
transcription factors (14). 

To identify novel LIM domain transcription factors, we 
screened two mouse embryonic expression libraries by using 
the LIM interaction domain (LID) of NLL We report the 



The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked ^^advenisement" in 
accordance with 3S U.S.C. §1734 solely to indicate this fact 

© 399S by The Naijooaj Academy of Sciences 0027-8424/98/953 00/0 
PNAS is available online at www.pnas.org. 



isolation and characterization of LM04, a novel LIM-only 
gene, which is highly expressed in the T lymphocyte lineage, 
cranial neural crest cells, somite, dorsal limb bud mesenchyme, 
motor neurons, and Schwann cell progenitors. Somitic expres- 
sion of LM04 is repressed in mice mutant for the segment 
polarity gene Mesp2. LM04 and LM02 expression in the jaw, 
limb, and thymus defines cells that are uncommitted to cell 
fates. Interaction with NLI mediates the nuclear retention of 
LMO proteins that lack a nuclear localiz:ation sequence. 

MATERIALS AND METHODS 

Expression Library Screening and Sequence Analysis. A 
cDNA fragment encoding the LID (NLI amino acids 300-338) 
was amplified by PGR with Pfu polymerase (Stratagene) and 
subcloned into pGEX-2TK (Pharmacia). The GST-TK-LID 
fusion protein was purified by standard procedures, labeled 
with [y-^F]AT?, and used to screen mouse E12 and E16 
A-ExLox expression libraries (Novagen) as described previ- 
ously (10). Positive clones were purified and the cDNAs were 
subcloned from phage DNA. Sequence information from the 
5' end of each clone was analyzed by BLAST (http:// 
www.ncbi.nJm.nih.gov/BLAST/), Fhylogenetic sequence anal- 
ysis was performed by using the PlLEUP, DISTANCES, and 
GROWTREE programs of the GCG software package. 

RNA Purification and PCR Analysis* Total RNA from flow 
cytometry-sorted thymocytes was isolated by using Rneasy 
spin cohimns (Qiagen). For reverse transcription-PCR, 200 ng 
total RNA from each thymic subset was converted to cDNA by 
using the Superscript II kit (GIBCO/BRL), and resulting 
samples were subjected to 35 cycles of the PCR by using 
Boehringer Ta^ polymerase and 7.5 pmol of each primer. 
Amplified material was resolved by agarose gel electrophoresis 
and visualized with ethidium bromide. 

In SUu HyhrSdizatSon and ImmnDohistochemistry. Jn situ 
hybridization of pSJUTP- or digoxygenin-labeled prob^ to 
tissue sections was performed as described previously (15-17). 
Linear templates for probe synthesis were generated as follows: 
LM04pBSIIK;S-4-/v^ccI for 750-bp probe, LM02pGEM32/ 
EcdRl for Ll-kb probe; LHX3pcDNA3/^caRI; SOXlOpZLl/ 
Aval for 1-kb probe; Pax3pBSnKS-4-/H^dIII for 0.8-kb probe; 
PtxlpcDNA3/£coRI for 0,95-kb probe. For immunohistochem- 
istry, HB9 antibody was diluted to i;8,(Kia HRP anti-rabbit (The 



Abbreviations: LHX, LIM homeobox; LMO> LIM-only family of 
nuclear UM proteins; NLI, nuclear LIM interactor {also named Ldbl , 
LIM domain-binding protein; CLIM, cofactor of LIM homeodomain 
proteins); LID, LIM interaction domain of NLI; AER, apical ecto- 
dermal ridge; ZFA, zone of polarizing activity; DRG, dorsal root 
ganglia. 

Data deposition: The sequence reported in this paper has been 
deposited in the GenBank database [accession no. AF0746CK) (mouse 

LM04% 

§To whom reprint requests should be addressed at: University of Caii- 
fomia at San Diego, 9300 Oilman Drive, La Jolla, CA 92093-0650. 
e-mail: ggtll@ucsd.edu. 
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Jackson Laboratory) secondary antibody was used at 1:400, and 
peroxidase reactions were done according to the manufacturers 
protocol Other antibodies included mouse anti-hemagglutinin 
(HA) epitope antibody (HAJl), 1:1,000; rabbit anti-NLI ml- 
body (4508), 1:500; HiFITC anti-mouse (Antibodies, Inc.), 1:300; 
and Cy3 anti-rabbit (The Jackson Laboratory), 1:300. 

RESULTS 

Identification of a Novel LIM-Only Gene, LM04, To isolate 
novel LIM domain^rontaining transcription factors, mouse 
embryonic day 12 (E12) and 16 (E16) lambda expression 
libraries were screened with the LID of NU. Of 2.6 x 10^ El 2 
phage clones screened, two Isll, two LI-3-2a (LHX2), one 
LHX5, and five LM02 cDNAs were isolated. In addition, 13 
phage clones contained cDNAs encoding an as yet uncharac- 
terized LMO protein, which we designated LM04, The eight 
positive clones out of 1.3 x 10^ E16 phages screened included 
two LM01 cDNAs and six LM04 cDNAs. 

Conceptual translation of the LM04 cDNA indicated a 
single ORF encoding a 165-aa protein of approximately 19 
kDa, similar in size to the known mammalian LMO proteins, 
LMOl, LM02, and LM03 (18), The human homolog of 
LM04 has been deposited in GenBank (accession no, 
U24576). Sequence comparison of the LM04 protein to 
known mammalian and Drosophila LMO proteins indicated 
that LM04 is the most distantly related of the LMO family 
members, with only about 50% amino acid identity within the 
LIM domains to other LMO proteins (Fig, I A and B). In 
contrast, the LIM domains of LMOl and the nearly identical 
LM03 show 78% identity to the only known Drosophila LMO 
protein, dLMO (19), and likely represent the vertebrate or- 
tholog? of dLMO. 

Because LMO proteins display significant sequence homol- 
ogy and similar functional characteristics to the LHX proteins, 
e.g,, nuclear localization, high-affinity interaction with NLI^ 
and assembly into transcription complexes, it is likely that these 
two subfamilies arose from a gene-duplication event at some 
point in evolution. Sequence comparison of LIM domains 
indicates that the LMO proteins are more closely related to the 
LHX proteins L3 and the LH-2 subgroup (which includes 
vertebrate LH-2a, LH-2b> the Drosophila protein apterous, and 
the Caenorhabditis elegam ttx-3) than to any other LHX 
protein, suggesting that the LMO genes arose from an ances- 
tral LH"2 or L3-like gene (Fig. \C). 

In Vitro and in Vivo Interaction of LM04 with NLL 
LM04:HLI interactions were investigated in vitro and in vivo. 
Glutathione ^-transferase (GST) fusion assays in which GST- 
NLI fusion proteins were incubated with p^Sjmethionine- 
labeled LM04 indicated that LM04 and NLI associate with 
high affinity (Fig. 2A\ and that the LID of NLI was required 
and sufficient for interaction with LM04, When coexpressed 
with exogenous NLI in embryonic kidney 293 cells, LMOl, 
LM02, and LM04, but not the cytoskelctal-associated LIM 
protein CRP, coprecipitated efficiently with anti-NLI antibod- 
ies (Fig. IB). 

The small size of LMO proteins suggests that they should be 
capable of freely traveling in and out of the nucleus; however, 
the lack of a nuclear localization signal (NLS) sequence in the 
LIM-only transcription factors suggests that they lack an 
intrinsic mechanism for nuclear retention. It is therefore 
unclear how LMO proteins are localized predominately in the 
nucleus (7). Using an anti-HA epitope antibody, immiinocy« 
tochemistry of 293 cells transfected with HA-tagged LM02 or 
LM04 showed distribution in both the nucleus and cytoplasm 
(Fig. 2C, a and e). However, upon cotransfection of the LMO 
cDNAs with NLI, anti-HA and anti-NLI immunocytochemis- 
try revealed a predominantly nuclear localization (Fig. IC^b-d, 
j). NLI contains at least two NLS sequences and is a nuclear 
protein (10), Since cotransfection of NLI with LMO cDNAs 
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FiG. L Sequence analysis of IM04. {A) Sequence alignment of 
mouse LM04 mih LMOl and LM02, and Drosophila LMO. Shading 
shows conservation of amino acids, and asterisks indicate the zinc- 
coordinating residues of each LIM domain. (B) Diagram illustrating 
relative amino acid sequence identity between the LIM domains of 
LMO family members. (C) Dendrogram showing genealogical rela- 
tionships between the LIM domains of LMO and LHX proteins. 
Comparisons were made using only the LIM domain sequences and 
inter-UM region of the rodent representative of each gene, except for 
LH-2a and lM-7h, which were from chick. 

promoted nuclear retention of LMO proteins, the partial 
nuclear distribution of Ly02 and LM04 in cells not trans- 
fected with NLI is likely a result of endogenous NLI (Fig. 2Q 
dy These results indicate that one function of NLI in cells is 
to maintain the nuclear localization of LMO proteins. 

Differential LMO mRNA Expression in Adult Mouse Tis- 
sues. To compare the tissue distribution of LM04 gene 
expression with other LMO genes> Northern blots of polyCA)"^ 
RNA isolated from E12 mouse embryos and various adult 
mouse tissues were compared. While low levels of LMOl 
expression could be detected only in the E12 embryo, eye, 
brain, and skeletal muscle, LM02 expression was highest in the 
Ell embryo, spleen, and lung as noted previously (5, 18^ 20) 
(Fig. 3^). The signals in the lung and spleen lanes of the LMOl 
blot are the result of residua! hybridization of the LMOl probe. 
Low-level expression of was detectable in the thymus as 
noted previously (20). In contrast to the relatively restricted 
pattern of expression of LMOl and LM02^ LM04 mRNA was 
more widely expressed, with highest levels in the eye, brain, 
kidney, and, intriguingly^ the thymus. The mRNA expression 
of LMO genes in adult tissues is overlapping, but clearly 
distinct. 
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FiG. 2. Association of LMO proteins with NLI in vitro and m vwo. 
{A) GST-NU fusions were incubated with in wins-lransiated, f 3SS]nie- 
thionine-iabeled LM04, and 50% of the in vitro-iranslaled material 
used in the binding reaction was loaded separately for estimation of 
binding affinity. Interaction was visualized by SDS/PAGE and fluo- 
rography. {B)}n wVt? association ofiMO proteins with NLI. Anti-NLI 
immujioprecipitation and anti-HA epitope immunoblotting of whole- 
cell extracts from cotransfected 293 cells. Ten percent of the extracts 
was loaded separately to show relative expression, (C) Nuclear reten^ 
tion of LMO proteins depends on NLI, Imraunobistochemistry using 
an anti-HA epitope antibody (Babco, Richmond, CA) showed diffuse 
localization of HA-tagged LM02 (e) and LM04 (e) in transiently 
transfected 293 cells. Cotransfection of untagged NLI with LMOs 
resulted in nuclear retention of LM02 {b) and LM04 {d and/), NU 
was localized to the nucleus (c and d), {d) Merging of NLI and 
HA-LM04 staining shows codistribution in ceil nuclei (arrowhead) 
and endogenous expression of NLI (arrow). For e and/, iransmttted 
light images of differential interference contrast optics were captured 
in registration with the fluorescent signals. 

Because unregulated expression of LMOl (21) and LM02 
(6) in T cells results in leuketnogenesis, we examined the 
expression olLM04 in adult thymus tissue at a cellular level 
In situ hybridization showed widespread expression of LM04 
throughout the thymus, consistent with expression in the 
lymphoid lineage (not shown). To identify the types of lym- 
phoid cells that express LMO^ mdLM02, we isolated the four 
major thymic subsets: immature blast cells (DN)* negative for 
CDS, a>4, and CDS; CD4"^CD8'* double-positive cells (DP); 
and single-positive (SP) mature 004-^ or CD8^ cells. The DN 
cells are predominantly immature T cells, but may contain 
trace amounts of non-T ceils of the ly mpboid lineage. As shown 
in Fig. 3B, LM04 was expressed in all of the four major thymic 
subsets, while LM02 expression was restricted to the immature 
blast ceils. Therefore, LM04 and LM02 are coexpressed in 
proliferating blast cells, but differentially regulated in double- 
positive and single-positive subsets. 

LM04 Expression During Somitogenesis. To analyze the 
temporal and spatial patterns of LM04 expression in the 
embryo, an LM04 probe was used in in situ hybridization 
experiments in whole mount and on sections. In the 16 
somite-stage embryo (E9.0), LMW expression was distributed 
rostrally in migratory cranial crest within the branchial arches, 
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Ftg. 3. {A) Northern analysis of various adult mouse tissues and 
the £12 embryo shows combinatorial and complementary patterns of 
expression of LMO genes- (B) Reverse transcription-PCR analysis of 
thymic sublineages. Glyceraldehyde>3-phosphate dehydrogenase 
(GAFDH) estimates relative quantities of cDNAs in each lane. C is a 
control PGR product from 0.1 /tg of the appropriate template cDNA. 
DN, double-negative (CD3~CD4~CD8"'); DP. double-positive 

and caudally in dorsal paraxial mesoderm (Fig. AA), In paraxial 
mesoderm, expression was initially restricted dorsally (Fig. AA, 
a). The metameric pattern of expression seen in the presomitic 
mesoderm was maintained in the somite, as LM04 was re- 
stricted to the rostral portion of each somite (Fig, ^A, b and 
c). LM04 expression persisted in paraxial mesoderm at 
with highest levels observed in the rostral portion of the first 
few newly formed somites (Fig. AB). At anterior axial levels, 
L,M04 expression was restricted to cells adjacent to the neural 
lube (Fig. 4D). Thus, LMO^ is activated in cranial neural crest 
cells and dorsal paraxial mesoderm. 

We compared the pattern of expression of LM04 with that 
of Pax3, a paired-type Hox gene known to be expressed in 
neural crest and the dermomyotome (22, 23). Unlike LM04, 
which is restricted to the rostral portion of newly formed 
somites, and restricted medially in mature somites (Fig. AB), 
PaxS expression persisted throughout the dermomyotome in 
mature somites (Fig. 4C)* The observation that LM04 and 
PaxS are coexpressed initially raised the possibility that LM04 
might be regulated by Pax3, In Splotch mutants, which lack 
functional Pax3, LM04 was activated normally in unseg- 
mented dorsal mesoderm and in migratory cranial crest (Fig. 
AF). However, the domain of LM04 expression in mature 
somites persisted laterally in Splotch embryos (Fig. 4F), raising 
the possibility that Pax3 may normally restrict expression of 
LM04, 

LM04 activation mMe^Z mutants was examined to discern 
whether LM04 expression is linked to somite segment polarity 
or differentiation of somite lineages. Mesp2 is a basic helix- 
ioop-helbc (bHLH) transcription factor required for normal 
rostral-caudal segmental polarity of somite tissue but not 
differentiation of somitic lineages, such as muscle (24). LM04 
was expressed in presomitic mesoderm of Mesp2 mutant 
embryos. However, activation olLM04\nXht rostral portion, 
of newly formed somites was not detectable (Fig, 4G). There- 
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Fig. 4. Distribiition of LM04 mRNA in cranial crest and paraxial 
mesoderm revealed by whole-mount in situ hybridization. (A) Sixteen 
somite-stage embryo exhibits LM04 ejtpression (bine or brown stain) 
in crania! neural crest migrating into the branchial arches and in rostral 
somite. Sections at indicated axial levels show expression in dorsal 
paraxial mesoderm (a), prospective dermomyotome (b), dernwmyo- 
tome (c), and migratory cranial neural crest in the mandibular 
component of the first branchial arch (BAl) (d). Otic vesicle (OV), 
neural lube (NT), and somites {SOU) are indicated by arrows. DA, 
donsal aorta. (B) At ElO, LM04 expression in paraxial mesoderm and 
in rostral somite halves persists at a caudal axial level (E) and is 
restricted medially at anterior levels to cells adjacent to the neural tube 
{D), (B) As indicated by arrowhead, LM04 expression was restricted 
to ventral mandibular arch by this stage. (C) FaxS expression is not 
restricted, but is distributed throughout the dermomyotome. (F) 
LM04 activation in Splotch mice is similar to normal embryos in 
migratory cranial neural crest cells and unsegmented paraxial meso- 
derm, yet somitic expression is not restricted medially. (G) In Mesp2 
mutant embryos, activation of LM04 in unsegmented mesoderm 
appears normal However> expression is lost in rostral somite (arrow). 
Expression in mandibular arch is delected at a diminished level. 
Staining in the head region is an artifact caused by probe trapping. 
[Bar = 200 fim {A, B, C, and G) and 400 ^xm (D and F}.] 

fore, maintenance of LM04 expression in somite requires 
Mesp2 activity. Since Mesp2 mutants have somitic derivatives 
such as muscle and sclerotome, we infer that LM04 is not 
required for differentiation of somitic lineages. 

Expression of LMO Genes m Limb Bud and MaDdibular 
Arch. During limb outgrowth and patterning, both IM02 and 
LM04 have expression domains that overlap with progress 
zone mesenchyme, with LM02 being expressed in distal and 
posterior mesenchyme (Fig. 5A and B), and LM04 in dorsal 
mesenchyme. At E11.5, LM04 expression was detected in 
dorsal mesenchyme extending along the proximal-distal axis 
of the iimb bud (Fig. 5C). While LM04 transcripts were not 
detected in mesenchyme subjacent to overlying ectoderm (Fig. 
5 D and F), LM02 transcripts were detected in mesenchyme 
subjacent to ectoderm and to the apical ectodermal ridge 
(AER) (Fig, 5By 

In the developing jaw, LM04 was expressed at high levels in 
both ventral and dorsal mandibular mesenchyme atE8.5 (Fig, 
4A, d), yet between E9.5 and E1L5, expression was progres- 
sively restricted ventraliy to the transitory mesenchyme that 
ultimately joins the left and right components of mandibular 
arch (Figs. ArB and 5G; data not shown). Pax3 and Ptxl were 
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Fig. 5, Expression of LM04 and LM02 in limb tissue and expres- 
sion of LM04 m ventral mandible, anterior pituitary, and otic vesicle 
revealed by nonisolopic in situ hybridization to tissue sections. (At 
and E) LM02 is activated in posterior-- distal mesenchyme subjacent 
to tiie AER (arrow) at E9.5 {A) and persists at E1K5 {B and £). E is 
a X2.5 magnification of tissue in B. (C, D, and F) Activation of LM04 
occurs in dorsal mesenchyme in £11.5 iimb (C) that does not contact 
ecioderm (arrow) {D and F). Arrowhead marks subjacent mesen- 
chyme. /> and F are a XZ5 magnification of C. Arrow in C and F 
indicate AER. (C?) Near-adjacent sections show that activation of 
LM04 in El 1 .5 ventral mandible is restricted medially, while Pgx3 {H) 
and Ptxl (/) expression overlap in a complemientary domain lateral^. 
{J and K) Sagittal section through the head shows Lj^O^ expression in 
anterior pituitary tissue at El 3,5 (J) and EJ4.5 (/Q. Expression of 
LM04 peiSBls in distinct regions of the otic vesicle (OV) at El 1.5. 
[Bar = 60 /xm (A). 50 fim {B, C, G-J), znd 20 fim K L)J 

coexpressed in a domain associated with differentiation of 
cartilage and muscle (25) that was complementary to the 
LM04 expression domain (Fig. 5 G-/). Therefore, LM04 
expression was excluded from differentiating tissue and de- 
fined the transitory mesenchyme that joins the left and right 
mandibular arches at the midline. 

LM04 expression also was detected in nasalpharyngeal 
ectoderm and maxillary mesenchyme during mergence of the 
frontonasal process (Fig. 5G; data not shown). LM04 is 
activated in other tissues, including early motor neurons of the 
ocularmotor nerve, hindbrain motor neurons, glial cells asso- 
ciated with the optic nerve and cranial nerves, anterior pitu- 
itary, otic vesicle, and later in forebrain neurons (Fig, 5 J-L; 
data not shown), LMO^ activation in the anterior pituitary first 
was detected at E1L5 and persisted until E14.5, the last time 
examined (Fig, 5 J and K), During ear development, expression 
of LM04 first appeared in the lateral wall of the closing otic 
vesicle and persisted in the semicircular canal primoridia at 
E1L5 (Fig. 5L). 

LM04 Expression in Motor Neurons and Schwann Cell 
Progenitors* At E1L5, the domain of LM04 expression ex- 
tended more dorsally in rostral spinal cord relative to caudal 
levels (Fig. 6 A B.n6E). Comparison of adjacent sections in the 
lumbar spinal cord shows that LM04 expression (Fig. 6 B and 
F) overlapped with LHX3 expression in the medial subdivision 
of the median motor column (MMQn), but not with LHX3- 
expression in inlerneurons (Fig. d C and G). Expression of 
LM04 in cells slightly more dorsal to the MMQx, overlaps with 
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6, Activation of LM04 in motor neurons and Schwann cell 
progenitors. {A and E) In situ hybridization of the ^S-labeled LMt)'^ 
probe 10 transverse sections counterstained with hematoxylin shows 
that the domain ofLM04 neural tube (NT) expression (white grains) 
is broad at a rostral axial level {A) relative to caudai axial level (£), 
In sUu hybridization of digoxygen in-labeled probes to adjacent trans- 
verse sections through the Ell. 5 lumbar spinai cord shows overlap of 
ihe LM04 expression pattern (Blue) {B and with motor neuron 
expression of LHXS (C and G), but not with I/fJO-expressing 
intemeurons. HRP immunohistochemistry shows that the expression 
domain of the pan-motor neuronal marker HB9 (/f) on adjacent 
sections partialJy overlaps with IM04 &ndLHX3 expression domains. 
FP, floor plate. F and G are X25 magnifications of B and C, 
respectively. Apical paraventricular cells that express IM04 {B) do 
not overlap with the Fax-3 expression domain (D), (f) At ElU, 
activation of !M04 occurs in cells ti^tly associated with spinal nerves, 
indicated by double arrows. (J) S&clO expression in Schwann cells 
overlaps with LM04 expression (/). jRT is a x3 magnification of the 
iissue in L Attorn indicate individual cells decorating the spinal nerve 
that express L^O-/. {L) Longitudinal section through the EU-5 neural 
tube hybridized with ^^S-Jabeled LM04 probe and counterstained whh 
hematoxylin shows expression (while grains) at the exit points for 
spinal nerves, [Bar = 50 ^tm (A-E,J), 20 ftm {F-H, l\ 60 (/), and 

12 m im 

the pan-motor neuronal marker HB9 (Fig. 6//). Expression of 
LM04 in apically located paraventricular cells (Fig. 6B) does 
not overlap v/ith the domain of Fax3 expression (Fig. 6I>). 
LM04 expression in motor neurons persisted at later times 
(data not shown). These data show that LM04 is activated in 
spinal cord motor neurons soon after neuroblast migration, 
during the period of neurite outgrowth. 

LM04 transcripts also were present in individual cells tightly 
associated with cranial and spina) nerves (Fig, 6 i, K, and L; 
data not shown). The glia marker SoxlO (26) and LM04 have 
identical expression patterns along nerve fibers, but differ 
within the dorsal root ganglia (DRG), where SoxlOy but not 
LM04, is present at this stage (Fig. 6 / and J). Overlapping 
expression of LM04 and SoxlO indicates that LM04 is acti- 
vated in Schwann cell progenitors after their emergence from 
the DRG, 

DISCUSSION 

NU:LIM Domain Complexes* LMO and LHX proteins form 

tetrameric complexes with NLl that are proposed to regulate 
gene expression (1). Because combinatorial association of 
LHX proteins is mediated by dimeric NLI (13), the widespread 
abundance of NLI prov ides for -tetrameric ^regulatory com- 
plexes between LHX and LMO proteins. We show several 
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cases in which LMO and LHX gene expression overlap. 
Although it is difficult to make a meaningful assessment of the 
biological relevance for NLLLMO:LHX complexes, expres- 
sion of LM04 and LM02 during early embryogenesis suggests 
a possible role in maintenance of an undifferentiated stale, 
potentially by disruption of IMX activity. 

LM04 expression in dorsal limb mesenchyme partially over- 
laps with the LHX gene L?nx7, which is thought to dorsalize the 
limb in response to Wnt7a (for review, see ret 27). The time 
and iocation otLM04 activation implicate LM04 as a possible 
gene target of LmxL NU is widely expressed in E10.5 limb 
mesenchyme and, like LM04 and LM02, is restricted to 
perichondral tissue during digit formation at E14,5 {data not 
shown). Since ^nergistic interactions between Lmxl and E47 
are disrupted by NLI (28), formation of complexes containing 
NLI and Lmxl in subectodermal limb mesenchyme are likely 
to modulate Lmxl activity during limb dorsal ization. In deeper 
mesenchyme, LM04 likely would modify the NLLLmxl com- 
plex. Identification of LM04 as both a potential gene target 
and transcriptional modulator of Lmxl activity should help 
define the role of Lmxl during limb patterning. 

In the spinal cord, motor neurons are parsed into an array 
of functionally distinct motor columns, with each column 
defined by combinatorial expression patterns of LHX genes 
(29)- We show that the spinai cord is further imbricated by 
expression of LM04. The activation of LM04 in E10.5 motor 
neurons occurs after the onset of high levels of IsU and NLI 
expression at E9.5 (10). Therefore, LM04 likely modulates the 
transcriptional activity of HLLIsll complexes after the initial 
role of Isll in the generation of motor neurons. 

IMG Esprcssiott \n UnconamStted Tissue. The activation of 
LM02 adjacent to the zone of polarizing activity (Z?A) and 
subjacent to the AER defines a unique population of mesen- 
chyme that connects the AER and ZPA signaling centers of the 
limb. The lack of commitment within the progress zone that 
underlies the AER is linked to continued outgrowth of the 
limb, and both qualities are stimulated by reciprocal interac- 
tions of the ZPA with the AER (27). A potential role for 
LM02 in blocking commitment of progress zone-associated 
tissue to regional fates conforms with the functional precedent 
for LM02 in inhibition of cellular differentiation (30, 31), 

Schwann cell progenitors activate LM04 after making ax- 
onaJ contact, during the period in which Schwann cell differ- 
entiation is delayed (32). Schwann cell progenitors within the 
DRG remain multipotent, capable of forming both Schwann 
and pigment cells (33). Expression of LM04 first is detected 
after Schwann cell progenitors emerge from DRG and contact 
spinal nerves, raising the possibility that axonal contact aai- 
vates LM04. 

LM04 and LM02 are regulated differentially during the 
development of thymic subsets. A role for LM02 in promotion 
of blast proliferation and inhibition of T lymphocyte differ- 
entiation was proposed based on analysis of transgenic animals 
(31). Our data showing blast ceil expression of LM02 suggest 
a role for Lyi^rC>2 in normal T cell proliferation. The demon- 
stration that ectopic expression of either or LM02 leads 
to tumorigenesis in T cells {6, 23) suggests that these struc- 
turally related proteins perform a similar function in cell 
growth. The normal expression of LM04 in all thymic subsets 
and coexpression of LM02 and LM04 in proliferating blast 
cells suggest that T cell proliferation or differentiation may be 
deternained by the level of LMO expression, 

LM04 activation by migratory cranial neural crest cells and 
transitory mesenchyme defines a stage when these tissues are 
uncommitted to regional fates. Cranial neural crest ceils are 
generated at the boundary between ectoderm and neural 
epithelia (34), yet are prevented from becoming either ecto- 
derm or neural epithelial derivatives. Activation of LM04 
expression at the onset of .migration marks the time of diver- 
gence between the cranial neural crest cell lineage and the 
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ectodermal and neural tube cell lineages. LM04 expression 
similarly distinguishes transitory njesenchyme^ which estab- 
lishes continuity between the core mesenchyniaJ components 
of each mandibular process, from neighboring, differentiating 
mesenchyme. Therefore, LMO^ expression in the mandibular 
arch characterizes uncommitted tissue that supports morpho- 
logical transformations essential for facial development. 

Regulation of LM04, Lack of LM04 expression in Mesp2 
mutant embryos demonstrates that LM04 activation is regu- 
lated during the establishment of somite formation and that 
somites in Mesp2 mutants lack a rostral character. Although 
the significance of rostral-caudal differences in the dermo- 
myotome is unclear, the rostral-caudal differences in newly 
formed somites are likely to mediate the formation of somite 
boundaries. Maintenance of both LM04- and 7Va/c/?-signaling 
molecules during somite development requires Mespl, but it 
remains to be determined whether Notch signaling and LM04 
act together or in parallel. Alternatively, LM04 activation 
could be downstream of FGFRl activation, since FGFRl 
somitic expression also is absent in Mespl mutant mice (24). 

The diversity seen in expression of LM04 may be indicative 
of a fundamental mechanism of gene regulation that is com- 
mon to separate patterning events. In addition to UV104, 
signaling mechanisms that involve BMPs, fibroblast growth 
factors, sonic hedgehog, and wingless proteins are reiterated 
during patterning of the face, limb, and somite {21, 36-38). 
Therefore, via interaction with NLI, LM04 may modulate the 
activity of transcriptional complexes in response to highly 
conserved signaling mechanisms that pattern the early em- 
bryo. 

We are grateful to the following people for heljpfiil discussions and 
assistance: David Schwarz; for assistance witli isolation of thymic 
subJineages, San? Pfaff for theHB9 antibody, and Martyn Gouldingfor 
the Splotch mice and Pax3 cDNA. We thank Heiner Westphal for the 
Lhx3 cDN A, Michael Wegner for the So?aO cDN A, and Jacque Drouin 
and Pamela Mellon for the Ptxl cDN A. These studies were supponed 
by National laslttutes of Heahh Grant DK13a49. D.A.K. is supported 
by National Imtitules of Health Training Grant T32HL07770 and 
L.WJ. is supported by National Institutes of Health Training Grant 
DK:07S4). 

1. Dawid, I. B., Breen» J. J. & Toyama, R. (J998) Trends Genet U, 
156-162. 

2. Shawlol, W. & Behringer, R. R, (1995) Nmure (London) 374, 
425-430. 

3. Pfaff, S, L Mendelsohn, M., Stewart, C L„ Edlund, T. Sc Jessell, 
T. M. (1996) CeU 84, 309-320. 

4. Boehm, T., Foroni, L,, Kaneko, Y., Per utz, M. F. & Rabbi tts, 
T. H. (1991) Proc^ Natl Acad. ScL USA 88, 4367-4371. 

5.. Royer-Pokora, B,, Loos, U. & Ludwig, W.-D. {\99^) Oncogene 6, 
18S7-I893. 

6. Fisch, P., Boehm, T., Lavenir, L, Larson, T, Amo, J., Forster, A. 
& Rabbitts, T H. (1992) Oncogene 7, 2389-2397, 

7. Warren, A. J., Colledge, W. H., Carlton, M. B., Evans, M. J.. 
Smith, A. J. & Rabbits, T. H. (1994) Cell 78, 45-57. 

8. Yamada, Y., Warren, A. J„ Dobson, C, Forster, A., PannelJ, R, 
Sc Rabbitls. T. H. (3998) Proc. Natl Acad. ScL USA 95, 3890-- 
3895, 



9. Wadman, h A., Osada, Grutz, G. G,, Agulnick, A. D-> 
Westphal, H., Forster, A. & Rabbitts, T H. ( J997) EMBO I 16, 
3145-3357. 

10. Jurata, L. W., Kenny, D. A. & Gill, G. N. (1996) FrQc. Natl. Acad. 
ScL USA 93, 13693-11698, 

1 1 . Agulnicic, A. D„ Taira, M„ Breen, J. Tanaka, T., Dawid, L B. 
& Westphal, (1996) Nature (London) 384, 270^272. 

12. Bach, 1„ Carriere, C, Osiendorff, H. P*, Andersen, B. & Rosen- 
feld. a (1997) Genes Dev. U, 1370^1380. 

13. Jurata, L. W, Pfaff, S. L. & Gill, G, N. (1998) J. Biol Chem, 273, 
3152--315r 

1 4. MoTcillo, P., Rosen. C, Baylies, M, K. & Dorsett, D. (1997) Genes 
Dev, n, 2729-2740. 

15. Schaeren-Wiemers, N. & Cerfin-Moser, A, (1993) Histology 100, 
431-440. 

1 6. Angerer, L. M., Toler, M. !L & Angerer, R. C. (1987) in }n Situ 
Hybridizaiion-Applicatiom to Neurobiology, eds, Valentino, K. L., 
Eberwine, J. H. & Barchas» J, D. (Oxford Univ. Press, Oxford), 
pp, 42-^70. 

17. Wilkinson, D. G, k Nieto, M. A. (1993) Meikads Enzymd. 22S, 

361-373. 

18. Foroni, L., Boehm, T., White, L., Forster, A., Sherrington, P., 
Liao, X, B„ Brannan, C. L, Jenkins, A., Copeland, N, G. & 
Rabbitts, T. H, (1992) /. Mol Biol 226, 747-76L 

19. Zhti, T, H,, Bodem, L, Keppel, E., Paro, R. & Royer-Pokora, B. 
(1995) Oncogene 11, 12S3-1290. 

20. Neale, 0, A. M., Mao, S., Parham.D. M., Murti, K. G. & Goorha, 
R. M. (1995) Cell Growth Differ. 6, 587-596, 

21. McGuire, E. A., RintouJ, C E., Sclar, G. M. & Korsmeyer, S. J. 
(1992) Mol Cell Biol 12, 4186-4196, 

22. Goulding, M., Sterrer, S., Flemiug, J., Baliing, R., Nadeau, J., 
Moore, K. J., Brown, S, D. Steel, K. P. & Gruss, P. (1993) 
Genomics 17, 355-363. 

23- Goulding, M., Lumsden, A. & Paquetle, A. J. (1994) De\felopmeni 
120,957-971. 

24. Saga, Y., Hata, N., Koseki, H. & Tafce!o, M. M. (1997) Genes De\f. 
n, 1827-1839. 

25. Lanctot, C, Lamolet, B. & Drouin^ J- (1997) Development 124, 
2807-2817. 

26. Kuhlbrodt, K.» Herbarth, B,, Sock, E., Hermans-Borgmeyer, 1. & 
Wenger, M. (1998)/. NeuroscL 1$, 237'-250. 

27. Johnson, R. L. <S: Tabin, C J. (1997) Cell 90, 979-990. 

28. Jurata, L. W, & GiJl, G. (3997) Mol CeU. Biol 17, 5688-5698. 

29. Tsucbida, T, Bnsini, M., Morton, S. B., Baldassare, M., Edlund, 
T., Jessell, T. M. & Pfaff, S. L. (1994) Cell 79, 957-970. 

30. Visvader, J. E., Mao, X., Fujiwara, Y., Kyungmin, H. & Orkin, 
S. H. (1997) Froc. Natl Acad, ScL USA 94, 13707-13712. 

31. Neaie, G. A. M., Rehg, J. E/& Goorha, R. M. (1995) Blood 86, 
3060-307 L 

32. Monuki, E. S., Weinmaster, G., Kuhn, R. & Lemke, G. (1989) 
Neuron 3, 783-793. 

33. Stocker, M., Shernjan, L., Rees, S. & Gment, G. (1991) 
Development 111, 635-645. 

34. Selleck, M. A. & Bronner-Fraser, M. (1995) Development 121, 
525-538- 

35. Zhang, H., Hu, G., Wang, H., Sciavolino, P., Jler, N., Shen, M. M. 
& Abate-Shen, C. (1997) Mol Cell Biol 17, 2920-2932. 

36. Hogan, B. U M. (1996) Genes Dev. 10, 3580-1594. 

37. Wall, N. A. & Hogan, B. L. M. (1995) Mcch. Dev. 53, 383-392. 

38. Ricbman, J. M. & Tickle, C. (1992) Dev. Biol 154, 299-308. 



JliArliljii L 



9 



Detection of Adhesion Molecules 
by Immunohlstochemlstry on Human 
and Murine Tissue Sections 

Antoneiia Stoppacciaro and Luigi P. Ruco 

1 . Introductrion 
LI. Principles 

Immunohistochemistry allows detection of antigenic molecules in situ in 
tissue samples using a standard light microscope. This technique has been used 
widely in recent years in diagnostic pathology and in research. The large 
popularity of immunohistochemistry came after the discovery of monoclonal 
antibodies (MAbs) which made available unlimited amounts of identical 
antibodies. 

The antigen presence is demonstrated through immunoenzymatic tech- 
niques, which give a visible reaction product. These procedures were first 
described in the 1960s, were accomplished by "direct technique" using 
enzyme-conjugated antibodies, and are mainly based on the activity of horse- 
radish peroxidase (the iramunoperoxidase technique) (1), The fortune of this 
enzyme derives from the fact that the molecule is easy and inexpensive to 
purify, is enzymatically stable, and can be detected by a number of cytochemi- 
cal reactions, which give sharply localized insoluble reaction products. The 
most common substrates used for peroxidase contain diaminobenzidine and 
hydrogen peroxide, or aminoethylcarbazole and hydrogen peroxide. More 
recently, a number of laboratories have used calf intestinal alkaline phospha- 
tase as an alternative enzyme for peroxidase (the immuno-alkaline phosphatase 
technique). Commonly used substrates for alkaline phosphatase contain naphtol 
phosphate together with hexazotized New Fuchsin or Fast Red. 
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Vehiculation of the enzyme to the site of antigen-antibody reaction is usu- 
ally achieved using the avidin-biotin complex (ABC) technique (2,3) or the 
"unlabeled antibody" method (4,5). The rationale for ABC technique is the 
very high affinity of biotin for avidin. The procedure involves three incubation 
stages prior to addition of substrate. The first step is the addition of the primary 
antibody to the tissue section followed by repeated washings for removal of 
unbound antibody; the second step is an incubation with a biotin-labeled sec- 
ondary antibody directed against immunogloblulins of the primary antibody 
species; the third step is the addition of preformed complexes of avidin and 
biotinylated enzyme (peroxidase or alkaline phosphatase), which will strongly 
bind to biotin present on secondary antibody. The "unlabeled antibody" method 
was first developed in the late 1960s, and its principle is that the enzyme is 
bound by an antibody that has been raised against the enzyme (6). The immune 
complexes of enzyme and antibody can be linked to the primary antibody by a 
bridging antibody, provided that the antienzyme antibody has been raised in 
the same species as the primary antibody. The most widely used of these tech- 
niques are the peroxidase/antiperoxidase technique (PAP) and the alkaline 
phosphatase/antialkaline phosphatase technique (APAAP) (6,7). Several 
immunohistochemistry kits are now available that are based on these tech- 
niques, or on slight modifications, are easy to use, and give excellent results. 
Some of them defined as "universal" can be used with primary antibodies of 
different species (8). In fact, they contain as secondary antibody a mixture of 
affinity-purified biotinylated antibodies directed against Igs of different spe- 
cies. Immunohistochemistry kit reagents are designed to minimize preparation 
time and to reduce the possibility of mistakes. 

1.2. Paraffin vs Frozen Sections 

Immunohistochemistry can be applied to sections of formalin-fixed, paraf- 
fin-embedded material, or to frozen sections of fresh cry ©preserved tissues (9). 
Paraffin sections have the advantage of a good preservation of tissue morphol- 
ogy, but formalin fixation and the high temperature of paraffin embedding mask 
or denature most antigenic molecules present in tissues, and thereby restrict 
the scope of immunohistological analysis (10). Antigenic reactivity can in some 
instances be restored by treating paraffin sections with proteolytic enzymes 
(i.e., trypsin, pronase) (11). In other instances, antigen retrieval is achieved 
through preheating of the sections in a microwave oven or in boiUng water 
(12). Even using these procedures, the number of antigens that can be demon- 
strated on paraffin sections is much lower than that which can be investigated 
on frozen sections. When an antigen has more epitopes recognized by different 
MAbs, as is the case for most proteins, it is possible that at least one of them is 
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preserved in paraffin-embedded material; paraffin-resistant epitopes are more 
often present in cytoplasmic proteins or in the cytoplasmic tail of membrane 
proteins (10). 

Frozen sections of cryopreserved samples of fresh tissues are the best sub- 
strate for imraunohistochemistry, because most antigens are preserved during 
the freezing procedure (13). The quality of tissue morphology in frozen sec- 
tions is poorer than that of paraffin sections, but providing that some cautions 
are taken, it is still highly satisfactory. The quality of frozen sections depends 
on specific property of the tissue, on the use of a proper freezing and storing 
procedure, and on cryostat cutting. Tissues or organs rich in connective stroma 
(skin, breast, ovary, muscles), and with a low content of H2O give the best 
results; other tissues, such as brain and lymphoid organs, are much more diffi- 
cult to use. Most morphological alterations in frozen sections are caused by 
freezing of the water contained in the tissue. Embedding the tissue fragment in 
cryopreserving substances, and speeding the freezing by dropping the sample 
in liquid nitrogen reduce greatly the morphological alterations; in addition, 
optimal preservation of frozen samples is achieved when they are stored at 
-80°C. Tissue morphology is crucially dependent also on the quality of the 
section. Optimal sectioning requires a cryostat with an intact blade and a good 
practice of the operator. 

1.3. Interpretation of the Results 

The most difficult part of immunohistochemistry is the interpretation of the 
staining (14). The best results are obtained when the immunostained sections 
are interpreted by someone who has good experience in histology, histopathol- 
ogy, and immunohistochemistry. Knowledge of histology and histopathology 
is necessary for proper identification of immunostained structures. Experience 
in immunohistocheradstry is fundamental for distinguishing artifacts from spe- 
cific reactions. 

1.4. Immunohistochemistry in Murine Tissues 

Although the most common application of immunohistochemistry is diag- 
nostic pathology of human tissues, it is becoming increasing popular to use this 
technique for research purposes in murine experimental models. Good results 
are much more difficult to achieve in mouse immunohistochemistry for the 
high content of biotin and alkaline phosphase in mouse tissues, and for the 
need to use only affinity-purified secondary antibodies, especially when 
directed against specific immunoglobulin subclasses, to avoid crossreactions 
within rodent immunoglobulins. 
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2. Materials 

ZL Formalin Fixation for Paraffin Embedding 

1. Optimal fixation is obtained in neutral buffered formalin, 10% v/v in PBS, 
pH 7.0, or 4% w/v paraformaldehyde in PBS pH 7.0. Standard acid formalin 
fixation is also good, and it is easier to achieve in a pathology laboratory (10% 
v/v formalin in water, pH 5.7). Milder fixations are obtained with Bouin's, 
Zenker's fluid, and B5. These mercuric chloride-containing fixatives have to be 
removed prior of the application of the antibodies. 

2. Fixed tissue specimens are dehydrated in graded alcohols, xylene or xylene sub- 
stitute, and then included in low-melting-point paraffin wax using a standard 
Automatic Tissues Processor and a Paraffin Working Station. 

3. Sections 3-5 \im thick are cut from the paraffin block using a microtome and are 
harvested on poly-L-lysine-coated glass slides* 

4. For poly-L-lysine coating, slides have to be washed in 0, 1 % w/v SDS, abundantly 
rinsed in tap water and then in distilled water, dehydrated in 95% ethanol, air- 
dried, dipped for 20 min in 1% w/v poly-L-lysine in distilled water, and air-dried 
at room temperature. Poly-L-lysine coated slides have to be kept in air-tight boxes 
at4^C. 

2.2. Tissue Freezing and Cryostat Sectioning 

L Cryopreserving compound (OCT, Miles; tissue-freezing medium, Leica Instru- 
ment). 

2. Cryomolds. 

3. Liquid nitrogen for 15-30 s. 

4. Poly~L-lysine-coated glass slides. 

5. Absolute acetone. 

23, Immunostaining Reagents 

1. Washing solution: TBS: 0.15 M NaCl, OJ M Tris-HCl, pH 7.2--7.6, or PBS: 
0.137 MNaCl, 2.7 mM KCl, 10mMNa2HPO4, 1.7mMKH2P04, 

2. Blocking solution: Carrier protein (2% v/v serum from the animal source of the 
bridging antibodies, 1 % w/v BSA, or 3% w/v nonfat dry milk diluted in PBS or 
TBS. (Carrier proteins are usually prepared in xlO concentrated stock solutions 
in water containing 15 mM sodium azide). 

3. Primary antibodies and negative control antibodies: Most monoclonal and 
polyclonal antibodies against adhesion molecules are commercially available; in 
addition, many specific hybridomas are commercialized by the American Type 
Culture Collection (ATCC), The working condition of each antibody has to be 
determined using serial dilutions with a standard staining procedure. In general, 
MAbs work at a concentration between 250 ng and 1 |Lig on a cm^ section, and 
polyclonal antibodies from 2-100 ng for section. Hybridoma supematants may 
be used from undiluted to 20X diluted. The dilutions of purified concunercial 
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MAbs are made in PBS or TBS. The dilutions of monoclonal supernatants and 
antisera are made in PBS added with carrier proteins. The presence of sodium 
azide in the antibody working dilution may inhibit the reaction. One hundred p.L 
of the antibody solution are needed for each section. 

4. Bridging antibodies are immunoglobulins raised against rabbit, mouse, rat, or 
hamster immunoglobulins. They are biotinilated and diluted in PBS or TBS with- 
out sodium azide. Working dilutions and incubation time are usually reported by 
the manufacturing house. Concentrations of the bridging antibody vaiy from 1 :20 
for affinity-purified antibodies against immunoglobulin subclasses to 1:1000 for 
antisera. Cover with 100 of bridging antibody dilution each section* Incuba- 
tion time is between 10 and 40 min. 

5, ABCs or streptoavidin conjugated with horseradish peroxide or alkaline phos- 
phatase is diluted in TBS. The manufacturer reports the working concentrations 
and incubation time. The reaction has to be performed in humid chambers. These 
are commercially available, but lidded boxes bottomed with PBS- or TBS-soaked 
paper with sustains to keep the slides in a flat position are most commonly used. 

2.4. Cromogen Substrates 

Most cromogen substrates are potent carcinogens. All the reactions have to 
be carried under an aspiration hood while wearing gloves* 

T Peroxidase conjugated ABC or streptoavidin is developed in a solution of 0.3% 
w/v 3,3'-diaminobenzidine 0.6% H2O2 in PBS or TBS for 5 min, or in a 1% v/v 
AEC, 0.6% H2O2 in PBS or TBS for 5--10 min. 

2. Alkaline phosphatese-conjugated streptoavidine is developed in a cromogen 
solution of 20 mg of Fast Blue BB salt, Fast Red Violet LB salt, Nitro blue tetra- 
zolium (NBT), or 0.6 mL of 0,2% w/v Neofuchsin dissolved in 0,2 N HCl and 
hexazotized with an equal volume of 4% w/v sodium nitrate. Each cromogen is 
dissolved in 50 mL 0.1 M Tris-HC!, pH 8.7, solution containing 90 mg of 
levamisole and 20 mg of Naphtol AS-BI Phosphate freshly dissolved in 0.6 niL 
of N,A^-dimethyiformamide. Bring the pH of the staining solution to 8.7 with 
veronal buffer; lower pH develops the endogenous acid phosphatase activity. 

3. Endogenous alkaline phosphatase activity of endothelial cells is inhibited by 
levamisole. 

2.5- Counterstaining and Mounting 

1. Hematoxylin (Mayer's). 

2. When DAB chromogen is used, sections can be mounted with a nonaqueous 
mounting media (Canadian balsam) which is veiy stable. When alcohol-soluble 
substrate chromogens are used, such as AEC, Fast Blue, Red Violet, NBT, or 
neofuchsin, only aqueous mounting media are recommanded to preserve the 
immunostaining. 
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3. Methods 

3.L Formalin Fixation for Paraffin Embedding 

1. Antigen survival may depend on the type and concentration of the fixative, on 
fixation time, and on the thickness of the tissue specimen. Whenever possible, 
use thin specimens and short fixation time. It is important to maintain an optimal 
standard fixation method in order to obtain reproducible results. Optimal fixation 
is obtained in neutral buffered formalin, 10% v/v in PBS, pH 7,0, or 4% -w/v 
paraformaldehyde in PBS, pH 7.0. Tissue blocks of approx 1 x 1 x 0.5 cm have to 
be immediately placed in 5-iO mL formalin, and should not remain in the fixa- 
tive for longer than 24 h. 

2. Fixed tissue specimens are dehydrated in graded alcohols, xylene, or xylene sub- 
stitute, and then included in low-meiting-paraffin wax using a standard Auto- 
matic Tissues Processor and a Paraffin Working Station. During the process, the 
temperature must be kept under 60°C to preserve antigenic properties better. 
Rapid high-temperature processing destroys the antigens, 

3. Sections 3-5 |im thick are cut from the paraffin block using a microtome, are 
harvested on poly-L-iysine-coated glass slides in a cold distilled water bath, and 
are then distended by dipping the slide in a 60°C water for few seconds. 

4- Sections have to be deparaffinized and rehydrated before use in immuno- 
histochemistry. Dewaxing is obtained at room temperature by a 2X repeated 
10-min xylene or xylene substitute bath in a glass jar, followed by an absolute 
ethanol 2X repeated 10-min bath, 95% ethanol 2X repeated 10-min bath, 70% 
ethanol 2X repeated 10 rain bath, and finally 5 min in distilled water and 5 min in 
PBS where slides have to be kept until use. The dewaxing procedure has to be 
made under an aspiration hood because of the toxic vapors of xylene. 

5. Antigen retrieval may be achieved by protein digestion. Deparaffinized rehydrated 
sections are wiped for excess of PBS, are covered with 200 jiL of a solution con- 
taining 0.1 M Tris-HCl, pH 7.2-^7.6, 0,025% CaCls, 0.025% Protease Type XXIV 
for 5 min at room temperature, and then are rinsed abundantly with Tris-HCl. 

6. Microwave antigen retrieval is obtained by boiling the tissue slides in a micro- 
wave oven in a 0,01 M salt solution, pH 6.0. Dewaxed dehydrated sections are 
placed in a plastic jar filled with 10 xnM citric acid, pH 6,0, The jar is irradiated 
3X for 5 min at 600 W in a microwave processor. The jar has to be refilled after 
each boiling step. After treatment, sections have to be cooled at room tempera- 
ture prior to processing for immunohistochemistry . Microwave treatment has the 
additional advantage of destroying most endogenous enzymatic activities of the 
tissue, A possible disadvantage is detachment of the sections from the glass slide; 
special glues are commercially available and should be used for this purpose. 

3.2. Freezing of Tissue Samples 

1 . Cut the tissue sample in pieces not larger than 1 x 1 cm and not higher than 0.5 cm. 

2. Place the slice of tissue in a cryomold of appropriate size, and cover with Opti- 
mal Cryopreserving Tissue compound. 
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3. Place the carrier in a recipient containing liquid nitrogen for 15-30 s (until you 
can hear a sizzle) 

4. Write with a pencil on a small tag of hard paper for identification of the sample. 

5. Staple the tag on the carrier containing the frozen sample 

6. Store the frozen samples in a ~80*'C refrigerator {see Note 1). 

3 J. Preparation of Tissue Sections 

3.3.1. Pretreatment of Glass Slides 

1 . Use pretreated slides for immunohistocheraistry, or clean the slides with alcohol 
to remove lipids. Slides have to be washed in 0.1% w/v SDS, abundantly rinsed 
in tap water and then in distilled water, and finally dehydrated in ETOH 
(see Note 2). 

2. Dip the slides for 20 min in a 1% w/v poly-Z,-lysine solution in distilled water, 
air-dry the slides at room temperature, and preserve in air-tight boxes at 4"C. 
Poly-L-lysine-coated slides are specially recommended when antigen retrieval 
by proteolitic digestion is used {see Note 3). 

3.3.2. Cryostat Sectioning 

1. Cryostat sectioning should be done by experienced people because the informa- 
tive content of the immunostaining is strictly related to the quality of the section. 

2. Let the frozen samples reach the cryostat temperature of -20 to -25°C. 

3. It is advisable to use disposable blades to optimize cutting conditions. 

4. Cut 5-8 sections, and place them on poly-L-lysine-coated glass slides. 

5. Place one section for each slide. 

6. Dry the sections at room temperature for at least 2 h or, better, overnight and use 
them on the following day. Alternatively, wrap each individual slide in alumi- 
num foil and store at -SO^C {see Note 4). 

3.3.3. Fixation 

1 . Dip the slides in absolute acetone in a glass jar with a cover for 10 min at room 
temperature {see Note 5 and 6). 

2. Air-dry the slides at room temperature, 

3. Draw a circle around the section with a glass pencil. 

4. Put two pipets in parallel on the top of a basin, one 5 cm apart from the other, or 
use an incubation chamber for immunohistochemistry {see Note 7). Place the 
slides flat on the sticks with the section on the top. Be sure that the basin is in 
plane in order to avoid incubation liquids sliding out of the section, 

3.3.4. Quenching of the Endogenous Peroxidase 

It has to be performed after fixation and before the beginning of the 
immunostaining only when the peroxidase activity of the tissue is very high 
(inflamed tissues rich in neutrophils, bone marrow sections). It is generally 
accepted that endogenous peroxidase activity of most cells is lost after 12 h at 
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room temperature. Apply 200 jjL of 3% hydrogen peroxide in PBS on the sec- 
tion at room temperature for 5 min, rinse gently with PBS, and place in fresh 
PBS for 5 min* 

3.4. The Immunohistochemistry Reaction in Human Tissues 

3 A. 1. The Primary Antibody 

L Determine the working concentration of the primary antibody in preliminary 
experiments. Store prediluted aliquots at-20^C. Use storage concentration 10- to 
20-fold higher than working concentration to bypass possible loss of activity. It 
can be estimated that 50-100 \iL of working dilution are needed for each section. 

2. Cover the section with enough solution of the primary antibody to reach the glass 
pencil circle drawn around the section. Incubation time with primary antibody is 
generally 30 min. 

3. Remove the solution of the primary antibody by gently flushing PBS or TBS on 
the section using a pipet. 

The Development Kit 

1 . Commercial kits for ABC-peroxidase generally contain: 

a. Blocking solution. 

b. Biotinylated secondary antibody. 

c. Avidin or streptavidin-horseradish peroxidase (HRP) conjugates. 

d. Substrate buffer 

e. Chromogen dilation. 

f. Hydrogen peroxide. 

g. Hematoxylin solution. 

h. Mounting solution {see Note 8). 

2. Follow the instructions, and apply to the section all the reagents in the proper 
sequence. Standard incubation times are 30 min for the secondary antibody, 
30 min for enzyme conjugate, and 5 min for chromogen/substrate. However, 
incubation times may be shortened when high-sensitive reagents are used. 

3. Wash the sections extensively with PBS using a pipet after each incubation step. 

4. Do not let the sections dry during the whole procedure, 

5. Dry the slide around the section anytime you start a new incubation. This step is 
important to avoid that the drops of the new reagent will dilute in the surrounding 
residual PBS, 

3.4.3. Cromogen Substrates 

Most cromogen substrates are potent carcinogens* All the reactions have to 
be carried under an aspiration hood while wearing gloves. 

1 . Peroxidase-conjugated ABC or streptoavidin is developed in a solution of 03% 
w/v 33'-diaminobenzidine 0.6% H2O2 in PBS or TBS for 5 min. The reaction 
gives an alcohol-resistant strong brown color. Alternatively, 1% v/v AEC, 0.6% 
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H2O2 in PBS or TBS for 5-10 mm, may be used, which gives an alcohol-soluble 
brownish red color. The latter procedure is at least lOX less potent than diamino- 
benzidine. Apply 500 ]i.L of the filtered staining solution over each section, rinse 
gently with washing solution, then wash for 5 min with distilled water. 
2. Alkaline phosphatese-conjugated streptoavidine is developed in a cromogen 
solution of 20 mg of Fast Blue BB salt, Fast Red Violet LB salt, NBT,or 0.6 mL 
of 0.2% w/v Neofuchsin dissolved in 0,2 HCl and hexazotized with an equal 
volume of 4% w/v sodium nitrate. Each cromogen is dissolved in 50 mL OJ M 
Tris-HCI, pH 8.7, solution containing 90 mg of levamisole and 20 mg of Naphtol 
AS-BI phosphate freshly dissolved in 0.6 mL of N,j/V-dimethylformamide. Bring 
the pH of the staining solution to 8.7 with veronal buffer; lower pH develops the 
endogenous acid phosphatase activity. Endogenous alkaline phosphatase activity 
of endothelial cells is inhibited by levamisole {see Note 9), Place 500 fiL of fil- 
tered staining solution to cover the section and incubate at 37°C, The staining 
time is temperature-dependent and varies from 5-30 min at 37'^C. The reaction 
color depends on the chosen dye, blue for Fast Blue, brilliant crimson for Fast 
Red Violet, black granules for NBT, and brown red for neofuchsin. All the reac- 
tions are alcohol-soluble. 

Counterstaining 

1. Immunostained sections are usually counterstained with hematoxylin (Mayer* s) 
for 1-5 min depending on the strength of the hematoxylin used, rinsed in tap 
water for 5-10 min, or gently washed in distilled water, and dipped 8-1 OX in 
37 mM ai-nmonium hydroxyde in distilled water freshly prepared from a 15 M 
ammonium hydroxyde stock solution maintained at room temperature in tightly 
capped bottle (see Note 10). 

2. Sections have to be covered with a coverslip. When DAB chromogen is used, 
sections can be dehydrated in ethanol 95%, absolute ethanol, xylene, and mounted 
with a nonaqueous mounting media (Canadian balsam), which is very stable. 
When alcohol-soluble substrate chromogens are used, such as AEC, Fast Blue, 
Red violet, NBT, or neofuchsin, only aqueous mounting media are recommanded 
to preserve the immunostaining (i.e., 4% v/v glycerol in distilled water). For bet- 
ter preservation, keep the immunostained slides in the dark. 

Controls and Interpretation of the Results 

1, False-negative results may be owing to technical problems during the procedure 
(14), to poor quality of the reagents, or to amounts of antigen under the threshold 
of detection of the technique. Use as positive controls serial sections of the inves- 
tigated tissue immunostained for vimentin (the intermediate filament present in 
mesenchimal cells), CD31, or vWf (endothelial antigens). Since mesenchimal 
cells and blood vessels are ubiquitous, immunostaining for these antigens will 
provide information on the state of preservation of the tissue, on proper fixation, 
and on the technical procedure. Inmiunostaining of a tissue known to contain the 
investigated antigen will provide a control for the primary antibody. 
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2. False-positive results derive from nonspecific binding of the reagents to tissue 
components and from noninhibited endogenous enzymatic activity (myelo- 
peroxidase, alkaline phosphatase) (15,16). Recognition of nonspecific binding 
may sometimes be difficult. Coexistence in the same area of negative and posi- 
tive cells or structures, colocalization of the staining with a definite biological 
structure, proper location on the staining within the cell (membrane, cytoplasm, 
nucleus) according to the specificity of the antibody used, and proper type of 
reactivity (granular vs diffuse) are all elements that have to be checked for recog- 
nizing a reaction as specific. Other elements favoring a specific reaction are the 
use of the primary antibody in a concentration range commonly employed in 
imraunohistochemistry and the reproducibility of the findings when other samples 
of the same type of tissue are stained. Nonspecific binding of primary or second- 
ary antibody is owing to poorly characterized mechanisms, or to binding of the 
reagents to Fc receptors exposed on the section. Both these events are commonly 
eliminated by a preliminary blocking step in which nonspecific binding sites are 
saturated with a preincubation of the section with a nonimmune serum. Endog- 
enous peroxidase and alkaline phosphatase activities present in tissue cells can 
be blocked by a preincubation of the sections with H2O2 or levamisole, respec- 
tively. A good control for effective blocking of endogenous enzymatic activity is 
a parallel staining of a serial section in which the primary antibody was omitted. 

3.4.6. Immunohistochemistry of Adhesion Proteins 

1 . Immunohistochemistry is a valuable technique for detection of adhesion proteins 
in tissue sections. In fact, most selectins, immunoglobulins, integrins, and 
cadherins have been successfully visualized. 

2. Immunohistochemistry can provide reliable information concerning different 
issues including: 

a. Expression of the investigated molecule in various cell types and in different 

tissues. 

b. Detection of polarized expression. 

c. Location of the molecule at cellular level (cell membrane, cytoplasm, 
nucleus). 

d. Altered expression of the molecule in pathological conditions. 

3. Tissue specificity of some adhesion molecules (i.e., cadherins, CEA) may find 
some application in diagnostic pathology for determining proper histogenesis of 

poorly differentiated tumors (17). 

4. Anti"CD31 is commonly used for visualizing vascularization in tissue sec- 
tions (18,19). 

5. In some tissues, expression of a determined adhesion molecule is associated with 
malignant transformation. For example, VCAM-1 is expressed rarely in normal 
epithelia, but it is detected very often in neoplastic cells of malignant mesothe- 
lioma (20) and of undifferentiated nasopharyngeal carcinoma (21). 

6. Altered expression of pi integrins and cadherins has been detected in a propor- 
tion of human malignant tumors of different organs (22,23). 
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3.5. Immunohistochemistry in Murine Tissues 

3.5.1. Primary Antibodies 

Most of the antibodies raised against human adhesion proteins react also 
with the mouse counterparts, but usually they are not reliable in tissues. Mouse- 
raised MAbs need antimouse secondary antibodies, which react also with the 
endogenous immunoglobulins; even when a subclass specific secondary anti- 
body is used the crossreaction may be very intense. Polyclonal rabbit antibod- 
ies may be used with affinity-purified Fab2 secondary antibodies, but the 
background staining of these reagents is very high, especially on macrophages 
and endothelial cells. Good results are obtained with rat- or hamster-raised 
antibodies. Many of these antibodies are now commercially available or hybri- 
domas may be obtained by ATCC (24). 

3.5.2. Secondary Antibodies 

Best results are obtained with biotinilated Fab2 affinity-purified antirat 
immunoglobulins. Hamster MAbs require antistrain-specific affinity-purified 
inununoglobuiins, depending on the hamster strain, that give rise to the pri- 
mary MAb. They are commercially available and can be used following the 
manufacturer's instructions. 

3.5.3. Endogenous Biotin in the Tissue 

Murine tissues have a high content of biotin. In most tissues, biotin activity 
is markedly decreased after air-drying the frozen sections overnight. Endog- 
enous biotin reaction is kept low using TBS at a pH not higher than 7.2. In 
some organs, such as kidney, liver, intestine, and skin glands, the avidin bind- 
ing activity can be suppressed with sequential incubation with 0.1 % avidin and 
0.01% biotin in TBS, pH 7.2, immediately after fixation (25). 

4. Notes 

1. Some -80°C refrigerators have special drawers designed to contain cryomolds. 

2. Removal of the fat from the slide is crucial, because it may act as a repeUent to 
the aqueous solutions containing the primary antibody and the other reagents. 

3. Poiylysine increases the stickiness of the section to the slide. 

4. It is advisable to use frozen sections within 24 h. After 72-96 h at room temperature, 
most antigens are lost. Storage of the sections at -80°C prevents antigen loss to some 
extent, but the best results are usually obtained with sections cut on the day before. 

5. Fixation is cmcial for the inununohistochemical reaction. Poor fixation may 
derive from a lower concentration of acetone present in long-standing bottles. 

6. Certain antibodies requires fixation in buffered formalin (10% v/v formalin in 
PBS, pH 7.0) or buffered paraformaldehyde (4% w/v in PBS, pH 7.0) followed 
by a wash in distilled water. These latter fixatives are not optimal for preservation 
of frozen tissue morphology, and are not used for membrane-bound antigens. 
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1. Incubation chambers for immunohisochemistry are Plexiglas boxes with a cover 
and with bars for sustaining the slides in a flat position. The cover is important for 
avoiding diying of the sections during the incubation steps or profound alterations in 
the salt concentration of the incubation buffers owing to evaporation of the water, 

8. Numerous commercial kits are available based on ABC peroxidase, ABC alka- 
line phosphatase, PAP method, APAAP method, or on slight modifications of 
these techniques. Most of them give excellent results. In the opinion of the 
authors, the best visualization of the reaction product is obtained when peroxidase/ 
diaminobenzidine is used. Moreover, sections stained with these reagents can be 
mounted with Canadian balsam and, therefore, are stable for years. The disad- 
vantage of diaminobenzidine is that it is a potent carcinogen for humans. Sec- 
tions stained with peroxidase/aminoethylcarbaxole or with alkaline phosphatase/ 
New Fuchsin have to be mounted with an aqueous mounting media whose 
dehydratation will cause deterioration of the sections. 

9. Because of the high levels of endogenous alkaline phosphatase activity, it is 
advisable to use peroxidase-benzidine for immunostaining of endothelial cells, 

10. Darkening of the brown staining obtained with peroxidase/diaminobenzidine can 
be obtained with a short incubation in ammonium sulfate prior of counterstaining 
with hematoxylin. 
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A computerised search for the appearance of herit- 
able mutattons (as indicated by changes in protein 
expression) wa« conducted on three set$ of mice, wliose 
sires had been either untreated^ exfKwsed to 3 gray units 
of gamma radiation, or treated with 150 mg/kg ethyl- 
nitrosourea. Proteins from the livers of approximately 
800 mice were separated by two-dimensionat electro" 
phoresis, and abundances were measured by using im" 
age analysts techniques* Heritable mutationa were de^ 
teeted by the appearance of new proteins or by the 
quantitative decrease in abundance of normally oceur^ 
ring proteins* Measurements of the vfuriability of the 
protein abundance indicate that at least 48 : proteists 
are consistent enough to be used In searches when 
mntatlons are expected to resutt in a 50% rediu^tion in 
the i»>rmal amount of protein. New proteins were 
found in four offspring from etbyluitroBourea-treated 
mice> and in each case a nearby spot was Ibund to be 
significantly diminished. These mutations were con- 
firmed In subsequent generations. A computer-assisted 
search detected three of these mutfttions on the basis 
of the abundance decrease alonot These results indicate 
that two*dimeni^onaS electrophoresis can be used to 
detect mutations reflected as quantitative changes In 
protein expression > provided that the proteins to be 
monitored are quantitatively stable when samples from 
different individuals are compared. 



Exposure to a mutagen can cause both point mutatiom and 
amall chromosomal deletions. The combination of a gamete 
carrying a point mutation with a gamete carrying the unal- 
tered gene could result in an offspring that expresses an 
altered protein tether with t}» normet protein at 60% of its 
normal abundance. A gamete in which a structural gene has 
been deleted couId» if combined wHb a gamete carirying the 
normal gene, result in an offspring that expresses the corre- 
sponding gene product at ^% of its normal abundance* 
Therefore, detection of quantitative alteratlona in protein 
expression could* tbeoreUcaHy, be used to measure genetic 
changes that can be t^ted for heritabslity and to provide data 
for estimation of mutation ratee. 

Two-dimensional eiectrophoresia has been used success- 
fully to detect qualitative protein changes indicative of point 
mutodons (Ij 2) and gene deletions (3) induced by toxic 
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chensicals {1, 2) or ionising radiation (3). Detection of quan- 
titative protein changes that reflect either point mutattone or 
gene deletions^ however, has been hampered by the inability 
to obtain quantitative measurements from the large nuniber 
of two-dimensional electrophoresis patterns required for mu- 
tation gcreening (4). Anderson et (5) have shown that two- 
dimensional electrophoresiSf coupled with computerized date 
analysis, can detect a 60% reduction in protein amount, 
provided that the background quantitative variations are 
small However, the contribution of individual sample varia- 
bility, both experimental and biological, to the overall quan- 
titative data dispersion is currently unknown. The magnitude 
of such variability may well determine the feasibility of ulti- 
raateiy using two-dimensional electrophoresis protein sepa- 
rations to screen human samplefi for the occurrence of induced 
mutations following exposure to known or suspected muta- 
gens. 

We report here the results of a mutagenesis study in which 
berStable mutations^ represented as altered protein expres- 
sion, were detected by computer-assisted screening of two- 
dimensional electrophoresis protein patterns- This study was 
design^ to assess the quantitative c^bilittes of two-dimen* 
^onal electrophoresis and to evaluate the possible 8pp]£<»tion 
oC this technique to mutation studies in humans. To minimize 
quantitative variability due to genetic heterogeneity and thus 
concentrate on quantitative variability introduced by sam- 
plit^ and nongenedc biological factors («.^. age^ diet), we 
chose to inbred atrains of mice for our initial atudy. Thus, 
the results presented here represent the simplest case for the 
application of two-dimenstonal electrophoresis to screening 
for mutations that cause quantitative protein changes and 
serve as a foundation for human studies in which genetic 
heterogeneity will contribute additional quantitative variabil- 
ity (5-7>. 

This study included 797 offspring from untreated male mice 
or male mice treated with either ethylnitrosourea or gamma 
radiation^ Bthylnitrosourea'lnduced mutations, previously 
shown to cause the appearance of new protein spots in two- 
dimensional electrophoresis patterns of mouse liver proteins 
with a corresponding decrease 5n the intensity of an adjacent 
spot {2), allowed the detection of rare quantitative protein 
alterations in two-dimensional electrophoresis patterns to be 
validated, The ability to detect radiation<^induced mutations 
could then be realisUcally ass^sed. 

gXPSBIMENTAL PBOOEDUKBS AND KESULTS* 

DISCUSSION 

The results of this study demonstrate that quantitative 
two-dimensional electrophoresis can be used to detect muta* 
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tions that cause an altered gene resulting in the e:qireesioa of 
a variant protein together with a S0% reductior* in the abun- 
dance of the noma! protein* The detection of such mutations 
as quantitative changes in proteio expreisaion is, however, 
limited by the background q^jantifcatWe variation in each 
protein monitored. The detection of three ottfc of four ethyl- 
nitrosourea-induced notations based on cjuantitaUve changea 
in normal liver proteins demonatretea this limitation and sets 
the present detrition threshold of the two-dimensional elec- 
trophoresis system. 

The use of two-dinienstonal eleetropboi^sis to detect mu- 
tations that cause the total loss of one gene copy must stilt be 
validated. For this experiment, in order to simplify the mu- 
tation search protocol, the aasumptiort was made that the loss 
of one gene copy would result in a 50% reduction in the 
synthesis of the amount of the corresjwnding protein. The 
possibility exists, however, that intracellular regulatory mech- 
anisms may cause compensatory synthesis of proteins in order 
to maintain normal concentrations. Given the constraint of 
quantitative reproducibility defmed by our present data, such 
compensatory mechanisms must be investigated, since quan- 
titative changes of leas than 60% that could be significent 
indicators of mutation might otherwise be ignored. The anal- 
ysis of protein expression in tissues from heterozygous carriers 
of known gene inversion or deletion mutations (available as 
mouse stocks) or in cultured cell lines with induced gene 
deletions should demonstrate whether or not such mutaUons 
are detectable by two-dimensional etectTophoresis, 

The absence of significant changes in liver protein expres- 
sion among 369 offering f^om imkdiated males may be a 
reflection of (a) the influence of cellular corapensatoiy mech* 
anisms that masked ^ne deletions or {b) the limited number 
of proteins that had the quantitative stability required for 
detection of a B0% decrease in protein abundance. Assumini^ 
that monitoring the 48 protein spots with coefRdent of vari- 
ation vahies of no more than 15% would have permitted 
detection of a ^0% reduction in expression and that each of 
the 43 protein spots represents an independent gene iocus^ 
and given a specific locus mutation rate of 2 J X 10"* per gray 
unit per locus as reprcBentative of the response to single doses 
of gamma radiation (8), the expected mutation yield in this 
study would have been about one event in the 369 gametes 
screened following exposure to 3 gray units* Thus, zero events 
is well within the limits of expectation for the number of 
individuals screened. If more protein spots with low levels of 
normal variability could be monitored, the probability of 
detecting a quantitative protein variant in a sample of 400 
individuals would obviously become more feasible. 

In the mouse model system^ optimi^sation of the number of 
protein spots in a two-dimensional electrophoresis pattern 
that can be monitored for quantitative changes may only 
require stricter control of quantitative variability introduced 
by both technical inconsistencies and nongenetic biological 
factors. Anderson et ai (5) have demonstrated that minor 
differences in Bample bading, electrophoresis, staining and 
destaining, and computer imaging actually introduce very 
little quantitative variation into the two-dimenaional electro- 
phoresis patterns of mouse liver proteins^ Such variation could 
be limited further by the arudysis of each sample on multiple 
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gets with subsequent comparison of average spot volumes. 
Biological factors, on the other hand, contribute significantly 
to the normal quantitative variability seen in the liver proteins 
of ix^red mice. A subpopulation of liver proteir^ in naale mice, 
for example, has been found to fluctuate in abundance as a 
function of sexual maturity (data not shown). Some of 
observed quantitative variability may be a function of the 
liver itselft being a tisBue in which protein metabolism is 
responeive to hormonal controls, diet, and/or drcadian 
rhythm. Another tissue or cell type may> therefore, be better 
suited to two-dimensional electrophoresis mutagenesis stud- 
ies. Careful evaluation and modification of sampling protocol 
should^ however, produce an increase in the number of pro'* 
teins that can be monitored for quantitative protein changes 
in anlnkal studies. 

The applicablHty of the two-dimensional electrophoresis 
approach to mutation detection in humans remains to be 
determined. One consideration is that, untilce the mouse ays- 
tern* nongenetic, or biological variables are not easily con* 
trolled amox^ human subjects. Nornsal genetic differences are 
also expected to introduce additional background quantitative 
variation since^ when different mouse strains are compared^ 
more genetically regulated quantitative than qualitative pro- 
tein differences are found (6, 7). Although estimates of the 
occurrence of qualitative genetic variants {Le, protein poly- | 
motphisnis) in human samples have been made {9-11), no ^ 
similar studies have been done to evaluate genetically influ- « 
enced quantitative protein varlabiKty, Finally, human sam- ^ 
pies for genetic studies are limited to those tissues or body g* 
fluids that can be obtained by relatively noninvasive methods, ^ 
i.e, seruni, urine, peripheral blood cells, or skin fibroblasts. Of | 
these, on^ the blood cells or fibroblasts produce two^dimen- |, 
slonal electrophoresis patiems oomparabie in «mpUclty and g 
resolution to those of the mouse liver pattern (12-16). The S 
applicability of two-dimensional electrophoresis to mutation ^ 
studies utilijsing human material should, therefore, be based § 
on the results of studies that measure the quantitative varia- ^ 
bility of proteins expressed in human cells {e.g. platelets or S 
akin fibroblasts) as a function of both nongenetic {intra- oi 
individual variability) and genetic (interindividual variability) g 
factors. Such studies would define a subpopulation of proteins g 
that have the quantitative stability required for the detection 
of heritable mutations and allow a more realistic aaaessment 
of the feaaibtlity of using two-dtmensiona) electrophoresis ^r 
human mutation studies. 

Two-dimensional electrophoresis^ together with computer* 
assisted data analysis> can be used to detect mutations as 
quantitative akerations in protein eacpression. The use of two- 
dimensional electrophoresis for detecting mutations has an 
important advantage over otheir technologieB such as the 
emerging DKA methods* By analysing proteins expressed in 
the offspring of exposed Individuals^ sur^vable mutations are 
being monitored. In animal models, the impact of such mu- 
tations on the well-being of carriers in several succeeding 
generations can be assessed, including the consequences of 
carrying the mutation m a homoxygous trait. In addition, 
rather than identifying DNA damage and having no correla- 
tion between the dam^ and metabolic functions in the 
organism, the identification of alterations in protein expres- 
sion allows the identification of the specific lesion, via amino 
acid sequencing back to the DNA level Thus, two-dimen- 
sional electrophoresis measures damage to functional DNA 
rather than total DNA, Methods are now being developed for 
the identincation of the altered peptide in the proteins dis- 
cussed in this paper (17, IS) with a view toward amino acid 
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sequencing and characterization of the mutation at the gene 
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viUxt. imiimUt b««si m» (Mftsf «a* aaaaatSaltjF tlia UCtH M Cha aarwd caitatid 
iTfatrttotott }|r tU uftnal J£aUkb«c{«ii« tpoca lac vtit-Oi tlia Ilja^rJtfa of Valt ratio via 
yraa^f t^h aiar* iiUhll|hia4 lot £laaar laapa^Moa^ ^upsltattw ftnlvin diriarattcaa 
Mr* tmtU^ u*iu^»»U ol EtM aaaftaa u»ca|M(« ttif pcctats A^nnUiy H tfa^ltcaia 
JVC ^M* It tiH ak(*t1 HtpiMtUt Eha pcnaia •Uacivlos uu br«« t» Km tlH 



Daicallaa at « *llLt«Ut«nC taM^tutlva i\.f tmtm ti «i>^U pr«t«ta «pM a>fon)c 
M»"}M M Mrt pacun r(«ilT«4 * ht|^ 4a«caa *alt*m raf Maelbllltr^. t>oli« 

#ai1ttaul And 4awttHtln> rsgan I Am e1t« ZW pcttara «{ ^(frttlu (re« * «l* cv, 
ttrtf how«KBat« tliat vw w*^ a» iil«a Milar ^M«W <4r tiiv «iU|a»Mii«a «Nym«Tit> 
liaatclflBal npwrfwIUtlfjr of rrmli kyati fn afitlt«i ^trarna Ivai bit» «aa«n*trai«dt 9U 
af cfaa fifrcalM l« ««eti pattvra «(a t*>M wlthfa * ^iMf Ur 4^ a apot; WUMt of (i>a 
ee(inia|Mt4)i^ ai>«4a Im aaataa patcanv Tab^ pattac^ )a tt>a aap^ilmrnt t«^at 4^ 

tiaataf «ala4« *r«4 ^ti\ oljaf rir^i ffow tmtritta) c4«t«lMd 4trara(4 i>r in pci^talb *^at■ 
(«M|(nt ftn» W )^ Ur 7flO>. at tfaat ^ v< E^«4a <44la ^ ikacehad (tw 
paiiaiD ani asc)« lt««lT,k4wa) ^A'^tK p4t«*inf ^Im ^«t4(n a^a «OuU tHt ia*WiM« 
wTi »aactatV *ha«* '«taal«4 (M!«»*«*K#iit|)r ba«hi«a li^a^ v^M tUM 1« |K% 

«iit4t«ril4>i (tMtt(#1«» «T l<«tar (t«t^ «m «|> Hta»;F aaarl^ tMt tlt*|r »»aUl<» *> «ha 
P^t«*i^ VM^*M* and Ebay Mia a^t aainir wtabt' ce » >#(»ki^yM^itt H th* wwtut 

int» daracclM a }*tu wKaUo* or a itcM dalactoo if # KX dacrcaia tr^iK^o 
aWbJaiKa vaa c«ctlm«<ot an imtac^rata^ atatatnc aai^N ptotalft a^ lalm icooH^rad in 
t}M we iwLwitti TbmfsT*r » aarta) dUotlon acvAjr wa H't^wd » Aaiamtm xMth «l 
1^ rroMlo «^ IM iW Kvat <eirM b* I4««|f4r*4 'or SOS 4««r«i4(^ l» 

■taUlac IwtwUT M • n4 Ivtit Im * 30* 4ic<*h* kit tntnlit >Wmk*. f IftMlar J tlm 
m lAHbr^tvA 4*a»li* Af «|icaa*«i*«t«* fiMatft afcca Ik IM ^tam af Mta* lltir 
tfHlaiaa \^ wr* MrUUy 4il«Tv4 ^UYM^ a|^»H em a^E»plU« tfiluEim< A 501 
4at^ajisa (« hlatMia^ AattaLty vac fat^^ fcf a ajioftty Et>a |»rc**i4 a>»ta at. 1/1 IK# 




T^Qn£|K4«*l«Ml •1ar<ticrtioc<ata paLtatn tWar rfotalna frcn * Ml* wvrc 
K CiHl/AK Pta rutara la otlaaivj wKb tW «cl4Lc protaln* to Vim U\t nni tha 
Hale pTotalB* lo th< tltft;. Afprcatiitlt «f4ia«vliaf m^Tila {a VT } «fc atwfv «rt 
»h» right. Juurtvka »»44«a<« Wa Ifrfatlo* *r tT«*M taT««a<a 4ta<fl'*ar*< J,(» 
«fr«i.riit« Al CxU-^ffMatf v1l<ar (»aa |-t|. AM. aXMHlai «4(, bIH ««( tWI* 



Heritable Mutations Detected as Qucmtitative Protein Changes 



12767 



71 T--;^ 




4 p«ir4ll*t«t! fit ^9 1>U Curvniy 4^#^ lf4W>Al^» F^tt IKit il4 fur* 





ttt!tm (yutc «tli'p^ir-(na An* (K) -".Ji p/i|t«{«>v vir«p4rNy. Th* Y-mit* 

ll5» w»bc| of t^i(k %tul»ift *«Bs» C»i <lM X'Ml^ »hov* CV, 

(MitUtiar Er«a«c CV (frT mit 4mm hi: *.»u vtitnH *ot *o* W ifJ<c<i# iv» 
p<rci<i^i,l«> ol pr4ki4.{« ijtft* Itrit KM ^ W mUv M(ir4tt« fft*i- 

AUtt>wm in i^t liwf tJKti*lfti ftf uU tvKl UtMN *l<T W fcprn ♦* 4*1* 

prvtf £np In patirrni fr4< Kii^i 4i>4 fmUli VQrcjf-Alittt fu ^th lh4 ho-I^ 4X0 

1«MtU «tt4 h«d CV W«Il»»« «( »T lit! (fit*^ ThtH ^EOI*tli« ltK« 4I4llKlf*d 

chH-twiliw iho ICE pKic«rM lui'fr fjot veig^» lhi« «pM roi>i* iirf I^OD up iv 7SW 
it^Ui't*' <">iv» IWf, H«le« hoTt 001 rtdUloHt p»l«-[si vtih * CV Af IM tt^ar it 

Ivii itui «fa cMt 4* quniltittlftty tft Km mI» ptkicnf* Kit «( rkt U »i»i«irtk 

Ii>»(i4 19 qtin CT» of l«(t (tMfl m wn viEMft Hw rtnft rf CooutiCc ttt» «» bifl4l>V thil 

fst> Ail tt,i\ ht -mtiiiU*^ 6<viitfvtf In vK: 4fftprU« 4^ N4l4 Nli:« ^rutrri ^ti^ 

pi«tii<« *.j>W* Mr4 (OwiMI iJ* «Lthcf IM W\ V^tl's^ afffprfftt « <»«♦ W ejfffvlmL pf 

*^ K »)>ffM> Ti> \, TbfM mxtt^ *ttnrr< chat Itw ulfap^lnf 4«a*tml chw lMr*«l 

out autmrd (5(Hit. c»n» »ivt*|| rlit M it rr«i«ifl with «n •tl«i'«4 S4wS*fifU 

v#J-» |rf«tn«4C 1h kl t^Ail *M o< (ha ^i\mtT.t. >pal4 treS«4l»4 »f ^^aaji^ trt* * ^Mt P< 

*r»tcln tttM«t»parU ef EIW f, anl * j2|. W, at^ K«ptf nmrly) firi««4 

4.» * K-d«t Jot ih» ift^ttLUh if jjtn* <ifUf1^ 4\»m»f V»t4m« Mia ^Mnttiy #f sroTtle 

of kny «r 'til ol lhA4s pfotfFPf -kk iiv'^U)i«).lrt 04itU«fk, ihirft^CCt ya\iXi tndlcalQ irw 
k4fi»t1 t-'ttr *f tti »4trc)v %etho4r Tt» c«ifkil« ttifrt l4r ^uantttttlvv oi>tltc» <ld, in 
f««, H^t(f>it n^u W. 4n4 m U {h» p«ktfM IM; ft, I, anfl 

rc«|ntii^tf^ 4^4 bot 4«(.«cf a^l pAltffP <«rt|4iittit} sh; libW I iltwi 

thAi (bt 4f th* r»tl« cill«vl4t«j iat Iht ikt*ulN;d awtvtloh dl»ieibvtlcit L« 

iiMUl ^IpttlbutU:^ l-at 4pi>l ^ V4k 4<'Mla> tbah «h4l tpfil V>lll« lha (m ijrn 

t21 V4» imvc«cdr*t«> iti AAni«a*L, ty^t, > had « #4tlV ]<v»^ ^ Ihirt «»W »(H!t M,, and ipvi 

42«jiv ?wd att tnt*mdl«l» tlik^M- 4akk lA^lttt* \\v»\ *M ^iiaAIII'iklt <W ^rcraaar Vi 

^k»tCln *SKA \t th^ilS ^»ivV*d m, v^H a^t fil<tiriC4qi I'M* l^'t dCCfMM 




lifc^ QMnCIMtwilir ttMHU (cy Y4»M ttai. iltift ftr i^iud to tW) Uy*r pTMtl*,^ «f«4 

CV M «tMl«r fbU lit in f«ihkl«a|i M«4r<*, «V «r«tNc th*A tn Mlaa artil 

_y *rn»lM cbik vit* 4<m«f*4 #M«lltUMtV Igr lna«tl»u ia iIm 
f W>l«««M win M* lA4te*cil Iky ««i«rp^ ~ 



*(Iatit>| *M;>i«««M win M* lA4te*cil Iky s^i • 
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ViMb^^pat v«1mm3 ui«uUu<» IDT 4«l4 NtiLt »*rclM4| 
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4Mrch MMUt'<« I* «aci:«t««« of *a-Mt 1* ilk»ulLt l« ^nitoLbi *Iih |»4H 

pffrtrlirr wtifc *oi* ««tA|k0«i»a YirUbtll«f <CW (rMtfeT vtu» ill), Ai «1ieva. *? prcUU 
tpoc* In ttw wiiu* llHf ^iMi«rA ^il^ cr vatMi nf 151 br Un^ ■iat*>tti>| tVat T««j«ct«i- 

bI \Tt**uti** ■]«« Mia «wf ^rwNl *7 InUrmlK 4»Klu(ioK th* ^ut. ««<w *1 cbiK 

t^tH 441-ttoo wiHim M» d4U:«c«d ^ J*» ««fipr(ftt U« ftMlir tr«, 
iha ir(*dUt«4 «m of ti» 4u«Hl<*tlTC tAftUw UftU«tht»d 1« tih« «n4 hMU 

or<»PTt(<t rt MttwCM Mt«j t» *n« S iTMimtinlr) nl(toi*d ta^ta lat,r«iiU» 

l» Aotirm. C» I 4f4ai4c»» H. (tSM) M*t. |tort»w > tj, WW«> 

Advtanca^ If. t*» >. i., TpUiIiwo^ V., CUrc, #• a. 1 A2d*nra. i«ft>l 
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Enzyme Immunoassay (EIA)/Enzyme-Linked 
Immunosorbent Assay (ELISA) 

Rudolf Leqvin 



This brief note addresses the historical background of 
the tnvention of the enzyme immunoassay (EEA) and 
enzyme-linked immunosorbent assay (ELISA). These 
assays were developed independently aihd simulta- 
neously by the research group of Peter Ferlmann and 
Eva Bngvall at Stockholm University in Sweden and by 
the research group of Anton Schuurs and Bauke van 
Weemen in The Netherlands* Today, fuily automated 
instruments in medical laboratories around the world 
use the immunoassay prindple with an enzyme as the 
reporter label for routine measurements of innumerable 
anaJytes in patient samples* The impact of BI A/ELISA is 
reflected in the overwhelmingly large number of times 
it has appeared as a keyword in the literature since the 
1970s. Clinicians and their patients, medical laborato- 
ries, in vitro diagnostics manufacturers, and worldwide 
healthcare systems owe much to these four iitventors. 
2005 American Association for CHnkal Chetnisliy 

Enz;yme immunoassay (BIA) and enzyme-linked immu- 
nosorbent assay (ELISA) ha^^^e become household names 
for medical laboratories, manufacturers of in vitro diag- 
nostic products, regulatory bodies, and external quality 
assessment and proficiency-testing organizations. This 
brief historical note spotlights the development of enzyme 
labels in immunoassay from the invention of this method 
in the 1960s through its development and early use 
during the 1970s and 1980s. 

The first published EIA and ELISA systems differed in 
assay design, but both techniques are based on the prin- 
ciple of Immunoassay with an enzyme rather than radio- 
activity as the reporter label. Two scientific research 
groups independently and simultaneously developed this 
idea and executed the necessary experiments to demon- 
strate its feasibility. The EUSA technique was conceptu- 
alized and developed by Peter Perlmaxw, principal inves- 
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tigator, and Eva Bngvall at Stockholm University, 
Sweden, and the EIA technique by Anton Schuurs, prin- 
cipal investigator, and Bauke van Weemen at the Re- 
search Laboratories of NV Organon, Oss, The Nether- 
lands. 

RIA was first described In 1960 for measurement of 
endogenous plasma Insulin by Solomon Berson and Ro- 
salyn Yalow of the Veterans Administration Hospital in 
New York (1). Yalow would later be awarded the 1977 
Nobel Prize for Medicine for "the development of the RIA 
for peptide hormones" (2), but because of his untimely 
death In 1972, Berson could not share the award. Also in 
1960, Dr. Roger Ekins of Middlesex Hospital in London 
published his findings on "'saturation analysis" used to 
estimate thyroxine in human plasma (3). 

The immunoassay technique with a radioactive label 
immediately caught the imagination of many researchers 
and ciiniciansy and in the ensuing decade RIAs for new 
analytes were published at a rapid pace and variants of 
the method were rapidly developed. In 1968, Miles and 
Hales published their first results of an "immuno-radio- 
metric" technique with radioactive labeled antibodies 
rather than labeled antigen for measiaring insulin in 
human plasma (4). 

In many laboratories around the world, special facili- 
ties were built in wWch investigators could safely work 
with the amounts of radioactivity required for the labeling 
of antigens or antibodies, but concern persisted with 
regard to the safety of iaboratoiy personnel the radioac- 
tive waste problem, the requirements of building special 
laboratory facilities, and the procurement of expensive 
counting equipment. It should be recalled that in the 
original studfes a, 3, 4) iodine-131 (jS and y radiation) 
was used for the labeling because no alternatives were 
available at that time. The potential health problems 
related to the use of radioactive materials were greatly 
diminished when manufacturers such as Amersham and 
NEW began marketing iodine-lSS (weak 7 radiation) 
preparations of sufficiently higjh specific activity and 
purity. 

At meetings, such as the ERIAC (European Kadiolm- 
munoAssay Club) in Basel in the early 1970s, the idea of 
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using enzyme Labels was met with skepticism and incre- 
dulity. How could so bulky and large a molecule as an 
enzyme be attached to an antigen or antibody without 
sterically hindering the bnmunochemicai reaction be- 
tween antigen and antibody? This objection on principle 
was nullified by carefully planned and executed experi- 
ments to demonstrate the feasibility of enzyme assays. 
Initial results were encouraging, and later the resounding 
success oi the enzyme-(lmk6d) immunoa^y lechnique 
proved all skeptics wrong. 

How did Perlmann and Scbuurs each invent a method 
that others found inconceivable? These two principal 
investigators, when personally contacted by this author, 
couid not report an anecdote about a particular or spec- 
tacular moment of insight. Instead, the classic pattern of 
research was followed, building on results published by 
colleagues in other fields, notably Stratis Avrameas of 
Villejuif, France (5,6K G.B. Pierce of Los Angeles, Califor- 
nia (7), and L. Wide of Uppsala, Sweden (8h 

Bet^^een 1966 and 1969, the group in Villejuif reported 
their successful results of coupling antigens or antibodies 
With enzymes such as alkaline phosphatase (EC 3.131), 
glucose oxidase (EC IJ.3.4), and others (5, 6). Avrameas 
and colleagues (5,6) described the optimal coupling of 
these molecules by means of glutaraldehyde. Their pur- 
pose was to use the enzyme-labeled antigens and antibod- 
ies to detect antibodies or antigens by immunofluores- 
cence, aiid they applied their tools to histopathoiogy. In 
Lo5i Angeles^ Pierce and colleagues (7) had successfully 
developed the same line of research, also for histochemi- 
cal purposes. The Uppsala group had developed a so- 
called {radio)immunosorbent technique in which antibcxJ- 
ies were insolubilized by coupling them to ceUulose or 
Sephadex beads. 

Engvall and Perlmann published their first paper on 
ELISA in 1971 (9) and demonstrated quantitative mea- 
surement of IgG in rabbit serum with alkaline phospha- 
tase as the reporter label In the same year, van Weemen 
and Schuurs (10) published their innovative work on BIA 
and reported that it was possible to quantify human 
chorionic gonadotropin concentratioris in urine, Ihey 
used the eiizyme horseradish peroxidase (EC LI LI 7)^ 
coupled by means of glutaraldehyde, as the reporter label. 
The Schuurs group secured patents on their findings [US 
patent application 762120, ftled September 24, 1968 (11); 
Dutch patent applications 7^16396, filed November 10, 
1970, and 7018838, filed December 28, 1970 (12)1 

Perlmann's further research included cytotoxicity of 
human lymphocytes (^S) and immunogen selection and 
epitope mapping for malaria vaccine development (14). 
Bngvall's group applied the ELISA measurement tool to 
parasitology [e.g., malaria (75) and trichinosis CI^)], mi- 
crobiology (17), and oncology (18-20), Engvall then fo- 
cused her scientific interests on the biochemistry of tis- 
sues, e.g,, fibronectin, laminin, integrins, and muscular 
dystrophies. EngvalKs laboratory is currently investigat- 
ing the use of differentiation factors for muscle regenera- 



tion and myogenic cells from nonmuscle tissues for mus- 
cle cell replacement (2}}, 

During the late 1960s and early 1970s, many RIA test 
systems were essentially "home-brew" methods devel- 
oped by individual researchers who could not keep pace 
(parHcularly finandally) "wath the possibilities and facili- 
ties of commercial manufacturers such as Boehringer- 
Mannheim (Germany). Abbott {United States), and Or- 
ganon Teknika (The Netherlands), to name only a few. 
Commercialization of EIA/ELISA test kits had started. 
Solid-phase techniques (8, 21) were used in the develop- 
ment of microtiter plates (96 wells) in which either an 
antigen or an antibody is noncovalently botmd to a 
solid-phase support. Technical advances led to automated 
pipetting devices (Micromedics; Hamilton), multicharmel 
pipettes (Lab Systems), and microttter piate readers and 
washers (Pig. 1), and in the 1980s fully automated test 
instruments were manufactured by Boehringer-Mamv 
heim and Abbott, among others. Such automated systems 
have come to stay in medical laboratories* 

The spectacular invention BIA /ELISA generated a 
whole series of test formats, from the inununoanzymo- 
metric [already mentioned in Ref. (4)] to the many vari- 
ants of "sandwich" test procedures. For a comprehensive 
review of the pos^bilittes the reader is referred to Ref. 
(23)* TTie Dutch group at Organon/Organon Teknika 
successfully developed EIA systems in the field of repro- 
ductive endocrinology, including assays for human cho- 
rionic gonadotropin (10,24), total estrogens, and human 
placental lactogen (25; in plasma. However, the new tests 
did not become commercially successful until the late 
197Q& and early 1980s, when they matched the exquisite 
sensitivity of existing RIA systems fox the same analytes. 

Tn the early 1970s, blood-bank screening for vlrologic 
diseases such as hepatitis B antigen was done either by 
(semi)automated RIA or nonradioactive but rather cum- 
bersome hemagglutination tests. In 1976, Organon 
Teknika developed and marketed a highly successful EIA 
system for the hepatitis B surface antigen (HbsAg) (26), 
featuring a 96-weIl microtiter plate format. This test 
became the first commercially available EIA (Fig, 2). 




Rg, 1. Wastier for the HEPANOSTIKA from a manufacturer's brochurep 
"5 Years of Organon Teknika". published in 1977. 
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Fig. 2. Promottonel photo of the first EIA. the HEPANOSTIKA test ktt by 
Ofgwion Teknika {Vi\e htetherlancte). 

Other microbiologica! and virologic diagnostic tests soon 
followed, e.g,, for hepatitis B ^'e" (HBc) antigeiis (27), 
rubelJa antibodies, toxoplasn\a ajntibodks, and in the 
1980s, an EIA system for detection of huiran immumode- 
ficiency virus antibodies. 

The impact of diagnostic immunoassays, be they R]A, 
EIA, or ELISA, on patients, clinicians, and the healthcare 
system in general is virtually unsurpassed. To substanti- 
ate lii!S subjective statement, this author searched 
PubMed with the search tenns "enzyme-immunoassay"r 
"enzyme-Unked immunoassay", and "MA", in clusters of 
5 years from 1960 to 2005. The estimates of the number of 
articles quoting these keywords are given in Fig. 3. The 
sheer numbers are astounding! The peak of RIA quota- 
tions seems to have occurred between 1980 and 1990. The 
number of citations decreased from 1990 to 2000, but is 
still quite substantial The number o£ articles wi^ EIA or 
ELiSA as a keyword increased rapidly in the 19808 and 
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Rg, 3. Estimates of the number of articles published per Sy&ar period 
f^om 1960 to 2005. 

The searcf^ wos done ^r^ February 70OS \n PubMed/Matlonal library of Medicme, 
NIH. with th& s^^rcii term&: enjiyme-immuTioassay. enzyfTRe-llnk&d immunosor- 
bent asssiy ^elA/etlSA combined), and ftlA. {Ordimte). number of articles in 
whlcn the keywords «re emoted. tflbsctesaK Syear periods from 1960 to 2005. 
♦ , cofirtJlned £IA/aiSft: ». RIA. [Note: ! do not pretend thai m mimbesfs in tnrs 
figure are precise! tr-^xte, however, are evident.1 




Fig. 4. Prels Slocheml^che Analytik, Munich, April 1,976. 
FTom teft to Tight. Or. Eva Er^gvall {Sweden), Dr. Antori Schuurs (The f^ellierlandsy. 
Dr. Peter Perlrvtann (Sweden)* Dr. Bauk© van Weemen (The Metherlands), and 
Prof. Johannee &uttner (Garmany), PfesWent of the German Society of Clinical 
Cherotstiy (Deuisctie Geselischaft fur KHni^che Chemie; DGKO^ 



plateaued at an amazing -40 000 quotations per 5 years in 
the 1990$. A decrease in this trend is not yet in sight, 

fn conclusion, the number of analytical and clinical inves- 
tigations relying on these measurement procedures 
worldwide is exceedingly large. Thtts, one can imagine 
that the numbers of measurements and determinations 
using immunoassay for routine patient care are astronom- 
ical The clinica! impact of EI A/EUSA as nonradioactive 
variants of Immunoassays is indeed overwhebning, Per- 
Imaim, Schuurs, Engvall, and van Weemen were honored 
for their inventions when they retxived the German 
scientific award of the "Biochemische Analytik" in 1976 
(Fig. 4), 5 years after they had published their first papers. 
Given the impact that their inventions have had on 
clinical diagnosis and healthcare in general, as well as on 
the development of a well-established in vitro diagnostic 
industry, these inventors deserve to be honored again. 



During submission of this historical note for manuscript 
review, the sad news arrived that Dr. Periraarm had died 
on April 19, 2005, in Stockholm. He had received the 
submitted draft of this paper, however, in March 2005. 
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EXHIBIT 5 



New Approaches to Lymphoma Diagnosis 



Nancy tee Harris, Harald Stein, Sarah E. Coupland, Michael Hummel 
Riccardo Dalla Favera, Laura Pasqualucci, and Wing C. Chan 



Recent years have brought an explosion of new 
diagnostic tools to the pathology of lynriphomas, 
which have permitted more precise disease defini* 
tlon and recognition of factors l^at can predict 
prognosis and response to treatment. These new 
methods exploit both the biological features of 
normal lymphocytes as they progress through 
differentiation pathways and the genetic abnormali- 
ties that characterize malignant transformation. 
These features can be assessed in individual 
tumors vAXh techniques that detect proteins 
(immunophenotyping), messenger RNA (fn-situ 
hybridization), or changes In DNA [Southern blot, 
PCRj fluorescence in-sltu hybridization (FISH), and 
gene sequencing]. Recently, the novel technology 
of "gene chips" or DNA microarrays has greatly 
enhanced the efficiency of analyzing expression of 
many genes simultaneously at the RNA level 
Understanding the relationship of lymphoid neo- 
plasms to their normal counterparts and the 
genetic events that lead to malignant transforma- 
tion in lymphoid cells are essential for physicians 
caring for patients with fymphoma, since these are 
the basis of modern classification, diagnosis, and 
prognosis prediction. Although microarray technol- 
ogy Is not ready for prime time In the daily diagno- 
sis of lymphoma, practitioners should understand 
its potential and limitations. 



The vast majority of lymphoid neoplasms 
worldwide are derived from B lymphocytes at 
various stages of differentiatlon.The review by 
Harald Stein and colleagues present the events of 
normal B-celf differentiation that are relevant to 
understanding the biology of B-cell neoplasia. 
These include antigen receptor [immunoglobulin 
(Ig)] gene rearrangement, somatic mutations of the 
Ig variable region genes, receptor editing, Ig heavy 
chain class switch, and differential expression of a 
variety of adhesion molecules and receptor pro- 
teins as the cell progresses from a precursor B cell 
to a mature plasma celL Most lymphoid neoplasms 
have genetic abnormalities, many of which appear 
to occur during the gene rearrangements and 
mutations that characterize normal B-cell differen- 
tiation. Dn Riccardo Dalla Favera reviews the 
mechanisms of these translocations and other 
abnormalities, and their consequences for lympho- 
cyte biology. The association of specific abnormali- 
ties with individual lymphomas is reviewed* Dr. 
Wing C. Chan reviews the technology and applica* 
tions of DNA microarray analysis, its promises and 
pitfalls, and what it has already told us about the 
biology of lymphomas. Finally, what does thfs all 
mean? The applications^ both current and future, of 
these discoveries to the diagnosis and treatment of 
patients with lymphoma are discussed by Dr. 
Nancy Lee Harris, 



I. Genetic Events and Gene Expression in 

B-Cell Differeniiation: 
Impucations for Lymphoma Classification 

Harald Stein. MD, * Sarah E. Coupland, MBBS, PliD, 
and Michael Hummel, PhD 

A prerequisite for an understanding of B-cell lympho- 
mas and their classification is the knowledge of the struc- 
ture, cellular composition, changes in gene expression 
aEKl moJecuIar events involved in the differentiation and 
function of norma] B-ceDs. This review will provide in- 
formation that helps the understanding of B-cell neo- 



plasms in relation to the differentiation events of the 
normal B-ceil system. 

Structure of the lymphoid system 

Cellular composition of the lymphoid tissues 
Lymphoid tissue, together with recirculating lympho- 
cytes, constitutes the lymphoid system, which serves as 



* Institut ftir Pathologie, Universitatskllnikum Benjamin 
Franklin, Freiie UniversitSt Berlin, Hindenburgdamm 30, 
D 1 2200 Berlin, Geraiany 
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one of the defence mechanisms of the organism against 
bacteria, viruses, parasites and toxins. The following 
cells, which are all involved in the defence and/or in the 
regulation of immune response, can be identified in lym- 
phoid tissue: 

• B ceils 

• T cells 

^ Natural killer (NK) cells 

• Macrophages 

• Follicular dendritic cells (FDC) 

• Interdigitating dendritic cells (IDC) 

• High endothelial venules (HEV) 

Organization of the lymphoid tissue 
Two major forms of lymphoid tissue have been distin- 
guished: central (primary) lymphoid tissue and periph- 
eral (secondary) lymphoid tissue 



Central lymphoid tissue is composed of the bone 
marrow and the thymus. The bone marrow is where B 
cells primarily arise and differentiate to mature B cells, 
and the thymus is where premature T cells differentiate 
into mature T cells. Mature B and T cells express anti- 
gen receptors, each with a different antigen specificity. 
These mature B and T cells migrate into the peripheral 
lymphoid tissues, which consist of blood, the spleen, 
lymph nodes and the mucosa associated lymphoid tis- 
sue (MALT). They steadily recirculate throughout the 
body so that there is a high probability that they will 
meet any foreign antigen penetrating the body. If such 
an encounter takes place, effector cells and memory cells 
evolve. 

Differentiation of B cells in the central and the pe- 
ripheral lymphoid tissues involves changes in cytology 
and homing, which are correlated to genetic events and 
changes in gene expression. 



Table 1 . B-Cell Development and the corresponding lymphomas derived at each st£^. 
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^There is a developmental stage between the Pro-B-ceH and the Pre-B-cell for which no universally accepted term exists. Terms previously 
used are: "pre-pre-B** or "common B-cefl precursor "This intemiedlate ceHular stage most commonly gives rise to B-LBL/ALL. 

* For a detailed description of the [g-gene rearrangement events early and late pre-B-cells are distinguished (see Table 2). 

§The relationship to germtnai center cells can only be determined by molecular blologicaJ inwest'^ions, as the phenotype of the tumor cells 
is completely changed foBowing the malignant transformation. 

Abbrevialic^s:CB, centrobiasts;CC, centrocytes: Ig^ Immunoglobulin; B-LI^, B-ceS lymphoblastic lymphoma; B-CLL, chronic lymphocytic 
leukemia; MCL, mantle cell lymphoma; BL, Burkitt lymphoma; FL, follicle center lymphoma; LPHU, lymphocyte-predominant Hocigkin 
lymphoma; DIBCL^ diffuse large cell B-cell lymphoma; cHL, classic Hodgkin lymphoma; MZL, marginal zone B-ceH lymphorr^a. 
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Central lymphoid tissue 




Figure 1 . Events in B-cell development 

The devefopment and maturation process of B celts begins in the bone marrow. He re» the "pre-B ceir arises from the "progenitor (Pro) B car 
following rearrangement of the Immunoglobuiin heavy chain gene (symboBzed with horizorjtal Bnes In black). Subsequentlyj rearrangement of 
the Nght chain genes occurs resulting in the expression of the whole immunotf obuJin molecule on the cell surface, serving as an antigen 
receptor. With the productiort of Ms Immalura" B cell, the initial phase of B-cell development ts, thereby, completed.The "immature" B cell is 
so defined since it is unabie to initiate an immune response fonowing the presentation of a foreign antigen.The B-ceH attains this abirity only 
on leaving the bone marrow, passing through the blood stream and entering the peripheral lymphoid tissue. Here» the B cell migrates to the 
ou!er region of the lymph node in the "primary" foltfcles and, ^ater, to the folticfe mantles. This differentiation slep ts associated wlih the 
additional expression of IgD. These lgM4-/lgD+ B ceHs are known as "natve mature B-cells". When these cells come into contact with antigen 
(AG), which can bind to their tmrnunoglobufin molecules, they transform into proliferating extrafollicuiar B blasts, from which short-lived 
plasma cells and "antigen-induced" or "primed" B ceils are derivedThese "primed" B ceils initiate and maintain the germinal center reaction, 
during which they transform into rapidly proHferating centroblasts. Dunng the mitotic proliferation and differentiation of the centroblasts into 
centrocytes, somatic mutations in the variable region of the immunoglobulin genes are inserted in a randomized manner (the mutations are 
represented by vertical lines) . The centrocytes with advantageous mutations (le. those which lead to an increase in the affinity of the 
immunoglobulin receptor) differentiate further, passing out of the germinal centre into long-lived plasma cells or into "memory" B cells. The 
latter remain in the marginal zone. FOC, fblicular dendritic cell; Hh, apoptosis 



As a result of the differentiation phases of B~celis and of the somatic mutation process. 3 major different mature forms of B-cells can be 
identified: 

• Naive mature B-cefls {recirculating and sessile subtypes) 

• Germinal center B-celis (centroblasts and centrocytes) 

• Post germinal center 8-cells wWch inckide memory B c^ls and long-lived plasma cells 



From all of these different B-cell forms, malignant B-cell lymphomas arise, which distinguish themselves clinically and which are character- 
ized in their biological behavior not only by the transformation event but also by the inherent characteristics of the ceil of origin. Classical 
Hodgkin lymphomas, in which the phenotypical and clinical features are predominantly determined by the transformation event, are an 
excep^ntothlsri^e. 
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B-Cell Differentiation 

Precursor B cells 

B ceJls develop from hematopoietic stem cells usually 
located in the bone marrow {Figiire 1).'^^ TTie first pre- 
cursor B-ce!l identified is the progenitor B cell or pro-B 
cell The pro-B cell expresses some B-cell characteris- 
tic antigens (Table 1) and initiates rearrangement of the 
immunoglobulin (Ig) gene locus- hi Table 2, the indi- 
vidual steps of Ig gene rearrangement are described, 
using the Ig heavy chain gene (IgH) as an example. Tlie 
next precursor B cell stage is the pre-B cell In this cell, 
the recombination of VDJ genes of the heavy chain gene 
locus is already complete, resulting in cytoplasmic ex- 
pression of the |ji heavy chain. The subsequent rearrange- 
ment of the Ig light chain gene (IgL) locus leads to the 
expression of a complete IgM molecule consisting of 
tv^^o |i-chains and two light chains (Figure 2; color page 
544), which is expressed on the cell surface and serves 
as its receptor for antigen. This third precursor B cell 
stage is designated immature B cell. Immature B cells 
give rise to mature naYve B cells that, as a result of an 
alternative splicing of IgH mRNA, express both IgM and 
IgD, In contrast to immature B cells, mature (najve) B 
cells have the capacity of responding to the binding of a 
foreign antigen. They respond by proliferating and dif- 
ferentiating into plasma cells and memory B cells. They 
are called naive because they have not yet encountered 
an antigen to which their surface Ig receptor molecules 
are able to specifically bind. 

Specific marker molecules for early developmental 
precursor stage of differentiation are CD34 and TdT (ter- 
minal desoxyribonucleotidy! transferase). Since both 
markers are not lineage specific, they have to be applied 
in conjunction with T- and B-cell markers in order to 
determine the cellular origin of the precursor cell dis- 
ease, TdT has an important function, as it inserts N-seg- 
ments between the V (variable) region, D (diversity) re- 
gion and J (joining) region during the recombination of 
these region genes (Figure 2, Table 1). When the recom- 
bination process is complete, the TdT gene switches off* 
with the result that all post-precursor (peripheral or ma- 
ture) B cells are TdT-negative. 

Peripheral (mature) B cells 

Mature naive B cells. Mature naive B cells populate the 
blood as recirculating IgM^-D-f small B cells and the 
peripheral lymphoid organs, where they form primary 
B-cell follicles in association with FDC, There is evi* 
dence to suggest that these mature (post-bone marrow) 
naive B cells are not homogenous, but probably consist 
of three subsets: 
* Recirculating subset expressing CD23 and non-auto- 



Table 2. Events in the reanrangement of ImmunoglobuUn 
genesv 

Rearrangmentof the tmmunogtobulin heavy ctiafn (IgH) gene 

• The first st^ occurs in the "early pre-B-ceHs" and involves the 
recwnbination of the D-(Diversity) and J-(Jojning) segments of 
the heavy chain genes (IgH)* Durrtg this process, one of 27 
possible D-segments and one of 6 possible J-segments are 
randomly chosen and fused closely together, resulting in 
exclusion of the DNA segments which previously separated 
them (see Figure 2), In addition, nucleotides of variable length 
and composition are randomly inserted between the rearranged 
D- and J-segmerrts (N'-regton). 

• The second step occuis in the "late pre-B-ceUs'' and involves the 
rearrangement of the V"( Variable) segment, resulting in the 
comptete rearrangement of the tgH gene (Figure 2). \X involves 
the insertion of one of a possrtjle 59 V-segments with the above- 
formed D-J-segment and ttie exclusion of the DNA segments 
which previously separated them (see Figure 2), In addition, as 
above, nucleotides of variable length and composition ^ 
randwniy inserted between the rearranged D-J- segments and 
the V-segment (N-region) , in this way, a different DNA segment 
(V-N-D-N'-J) for each S-ceM is created, which serves as a 
"finger-prlnfforit and all of its' daughter cells. 

Reai r angi^^ chain PgL) gene 

• The rearrangement of the two igl-genes ( k and X) also takes 
f^ace In the pre-B-celi, and occurs in a ^mllar manner to the 
rearrangement of IgH. In contrast to the IgH, the IgL-genes do 
not possess any D-segmants. As a c(wr>sequence the rearrange- 
ment of the IgL involves only one step, whereby nucleotides of 
variable length and composition (N-sequence) are Inserted 
between the V- and J-segments. In this way^ a second DMA 
segment (V-N-J) is created, which (fiffers between each Bn^ell. 
When the Ig-gene rearrangements are completed the immature 
B celts have evolved. 

Non-functionaf Ig-rearrangements 

• Through the atjove-m^itioned randomised insertion of nucle- 
otides during the \qH and IgL rearrangements, "Stop-codons" or 
"Frame-shifts," whidi inNbit Ig-protein functioning, ocatr 

relatively frequently. In such cases, a second independent 
rearrangement of eilher the IgH or igL occurs. Should this 
additional rearrangement result in a non-coding DNA sequence 
and* therefore, to a non-funotlonal ig receptor molecule, Ihe B- 
cell Is eliminated via apoptosis. 

Rearrangement of the Ig genes in normal and 
lyrniphonngitous BHsells 



• As described above, every cell which anses from progenitor 8- 
ceils possesses two Ig gene rearrangement products, V^-N-Dj^- 
N'"J|^ and Vl-J^-Ji^, which are individual to that celLThis means 
that the individual B cells differ from each other through 
differently rearranged IgH genes,Thrs diversity is termed 
"poiyc^onality" 

• The tumor ceils of B-cell lymphomas, in contrast, possess 
identical V^-N-Dj^-N'-J^ and Vl^N-Jl sequences, indicating that 
they have arisen from the same transformed B-cell and, thereby^ 
have formed a done. This is termed "monock»iallly". 
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antigen-reactive Ig receptors 

• Recirculating subset expressing CD23 and low af- 
finity auto-reactive Ig receptors, also known as B1 

cells 

• sessile naive B cells lacking CD23 and expressing 
non-auto-antigen-reactive Ig receptors 

Upon antigen encounter, mature naXve B cells appear to 
move into the T-ce!l zone of lynnphoid tissues, where 
they transform into large B-blasts and then proliferate. 
The daughter cells either differentiate into short-lived, 
IgM-producing plasma cells or into B cells that acquire 
the capacity to initiate a germinal center reaction. These 
so-called primed B cells move into primary follicles, 
where they proliferate and differentiate into centroblasts 
to form an early germinal center. The non-antigen-trig- 
gered naive B cells of the primary follicle are pushed 
aside and, thus, form the follicle mantle, or mantle zone 
(Figure 1). This follicle, containing a germinal center 
and a mantle, is known as a secondary follicle. 

The Germinal Center Reaction^'^ This process 
serves the functions listed in Table 3. These functions 
require differentiation steps, changes in gene expression, 
and the introduction of mutations in the rearranged Ig 
variable (IgV) region genes. 

Germinal center B cells. Early germinal center B 
cells are rapidly proliferating B cell blasts, which are 
usually called centroblasts. These centroblasts differen- 
tiate further into centrocytes, which gather at one end of 
the follicle. This leads to the formation of two zones 
within the germinal center: a "dark zone'' composed of 
centroblasts and a "light zone" containing mainly 
centrocytes. The centroblasts and centrocytes differ from 
mature naive B cells in their immunophenotype and sen- 
sitivity to apoptosis: (i) they express CD 10 and BCL6; 
(ii) they up-regulate the expression of the transcription 
factors Oct2 and BOB.l ; (iii) they down-regulate the ex- 
pression of surface Ig receptors; and (iv) they down-regu- 
late the expression of the anti-apoptosis protein BCL2. 
Apoptosis of the germinal center B cells can be prevented 
only by survival signals delivered by FDC and T cells. 

Follicular dendntic cells. The formation of germi- 
nal centers is h'nked to an increase in FDC, whose slen- 
der cell processes form a dense network that is particu- 
larly high in the light zone. The cellular processes of the 
FDC cannot be recognized in conventional stains, and 

Table 3. Function of the germinal center reaction. 

• Generation of memory B cells and plasma cefls, 

• Affir^y maturation of tine !g receptors by somatic iTypennnutation 
and antigen sefedion. 

• Increase of the defence efficiency of the secreted ig (s^tibodies) 
by changing their effector domains by means of isotype swhch. 



their visualization requires inununostaining with CD21 
antibodies (which are directed at the complement recep- 
tor C3d) or CD35 antibodies (which are directed against 
the complement receptor C3b), The FDC of the light 
zone also express CD23. 

A major task of FDC is the trapping and presenta- 
tion of unprocessed antigen, which serves in the selec- 
tion of germinal center B cells by antigen. As described 
above, the antigen provoking the immune response first 
leads to the generation of short-lived plasma cells that 
produce low-affinity antibodies of IgM type. These IgM 
antibodies bind to the antigen and form antigen-antibody 
complexes that activate complement and bind C3b and 
C3d The antigen-antibody-complement complexes ai^ 
captured by the FDC via their C3b and C3d receptors 
and, thus, are presented to the germinal center B cells. 

Antigen selection and hypermutation 
(affinity maturationf '^^ 

The major goal of the germinal center reaction is the 
generation of B cells that produce immunoglobulin with 
high affinity for the antigen(s) that provoked the immune 
reaction. This goal is achieved by the rapid proliferation 
of B cells, a randomized introduction of mutations into 
the Ig receptor gene region that codes for the antigen 
binding site, and subsequent elimination of those B cells 
that do not have high-affinity surface Ig receptors (Fig- 
ure 3, color page 544). To increase the affinity of the Ig 
receptors on the B cells that are multiplied in the germi- 
nal center reaction, mutations are inserted into the IgV 
genes. Since this process is partially random, most of 
these mutations either do not increase, or even decrease, 
the affinity of the Ig receptors or even completely pre- 
vents the expression of Ig by creating stop codons or 
frame shifts. The centrocytes with these unfavorable mu- 
tations do not bind with high affinity to the antigen 
trapped on the FDC processes and do not receive sur- 
vival signals. In fact, more than 90% of the centrocytes 
die as a result of apoptosis. These cells are phagocy- 
tosed and digested by the so-called starry sky macroph- 
ages. This selection process is made more efficient by 
the decrease of Ig receptor molecules expressed on the 
surface of the germinal center B cells. The few 
centrocytes whose mutations have resulted in surface Ig 
receptors with high affinity for the antigen presented by 
the FDC will bind to the trapped antigen and receive 
survival signals from the FDC (positive selection). 

The presence of IgV region mutations is now con- 
sidered a reliable marker for a cell that has been ex- 
posed to the germinal center — either a gemainal center 
or post-germinal center stage. The presence of ongoing 
mutations — variations in the mutation pattern among 
germinal center B-cell clones — ^is characteristic of cells 
still at the germinal center stage. 
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Receptor editing?^ The specificity of the Ig recep- 
tors of the germinal center B cells may be modified by a 
further process designated receptor editing. In this pro- 
cess, the originaHy rearranged Ig gene segment, usually 
IgL, is replaced by another VL segment (Figure 4, color 
page 544) 

Class switch. The affinity maturation process is as- 
sociated with a switch of the Ig heavy chain class from 
IgM to IgG, IgA or less commonly to IgE. The '^class- 
switched" B cells are those that preferentially mature 
into plasma cells. 

Post' germinal center B cells 

The centrocytes that survive in the germinal center ma- 
ture into long-lived class-switched plasma cells or 
memory B cells. 

Plasma cells. Plasma cellular differentiation starts 
in the light zone of the germinal center. This can be evi- 
denced by immunostains for the plasma cell-related 
marker VS38c and the nuclear transcription factor 
MUM1/IRF4. The piasmacellular differentiation is com- 
pleted following emigration of the B -cells out of the ger- 
minal center- The long-lived plasma cells predominantly 
populate the bone marrow and organs that are directly 
exposed to foreign antigens, i.e. the gastrointestinal tract 
and the lung. 

The piasmacellular differentiation is associated with 
both a loss and gain of molecules. The molecules that 
ai^e lost or down-regulated are B cell antigens (e.g. CDl 9, 
CD20, CD22, BSAP) and surface Ig. The molecules that 
are gained are the transcription factor MXJM1/IRF4, the 
rough endoplasmatic reticulum associated antigen 
VS38c, and the adhesion molecule CD138, and CD38. 
A functionally very significant change of piasmacellular 
differentiation concerns Ig production. The synthesis of 
surface Ig, i.e. the antigen receptors, is down-regulated 
and the production of Ig destined for secretion is aug- 
mented instead. The secretory Ig accumulates in large 
quantities in the cytoplasm where it is easily detectable 
by immunohistochemistry. The change in the destina- 
tion of the Ig molecules is mediated by a change of "ad- 
dress sequences" attached to the synthesized Ig protein. 

Memory B cells (marginal zone B cells): It is not 
yet clear whether memory B-cell differentiation also 
begins within germinal centers. This lack of knowledge 
is due to non-availability of marker molecules that se- 
lectively stain this B-celi subset. The currently known 
features of memory B cells that may help distinguish 
them from other B-cell populations are: 

• strong expression of IgM 

• no or little expression of IgD 
► expression of 

• somatic mutations within IgV genes without signs 



of ongoing mutations 

• preferential homing to marginal zones 

The latter feature prompted the designation marginal 
zone B cells. Well-developed, i,e, easily recognizable, 
marginal zones are usually only seen in the spleen and 
mesenteric lymph nodes, as well as in MALT On the 
basis of FACS (fluorescence activated cell sorting) stud- 
ies, immunologists distinguish IgM+ memory B cells and 
IgG+ memory B cells. The IgG+ memory B cells are 
not delectable in tissue sections using the immunohis- 
tochemistry methods currently available. 

Relationship of B-cell Neoplasms to Physiological B 

Cell Subsets and Differentiation Stages'^''^ 
Most B"Cell neoplasms mirror the features of the differ- 
ent B-cell differentiation stages. This is especially true 
of small and medium-sized cell B-cell lymphomas. 

• Lymphoblastic leukemia/lymphomas resemble — ^in 
morphology and immunophenotype — (TdT-f » 
CD344^CD10'f) precursor B cells. 

• Around 50% of chronic lymphocytic leukemia ofB- 
cell type (B-CLL) cases have features of activated 
mature naive (non-mutated) B cells and the other 
50% show characteristics of memory (mutated) B 
cells. The non-mutated B-CLL type may be related 
to the recirculating naj ve B-cell subset also known 
as Bl cells, which express CD23 and low affinity 
auto-reactive surface Ig receptors. 

• Mantle cell lymphoma cells resemble primary fol- 
licle cells or follicle mantle cells in immuno- 
phenotype, in homing and in the presence of a loose 
network of FDC, i.e. the cells in the mantle zone 
that Jack CD23 and probably correspond to sessile 
narve B cells. They also resemble mantle cells in 
their IgV gene mutation pattern, since their IgV 
genes are either not mutated {- 90% of cases) or 
carry only a very few mutations. 

• Follicular lymphomas are similar to reactive second- 
ary follicles in their cellular composition 
(centroblasts and centrocytes), their follicular ar- 
rangement with the formation of a dense FDC net- 
work, their expression of CD 10 and BCL6 and in- 
creased expression of Ocl2 and BOB. L Genetically^ 
they carry mutations in their IgV genes and show 
signs of ongoing mutations (intraclonal heteroge- 
neity), characteristic of germinal center B cells. 

• Marginal zone lymphomas resemble physiological 
marginal zone cells in that they preferentially ex- 
pand in marginal zones and tissues containing epi- 
thelial cells such as MALT, lung, salivary glands, 
etc. Further, they express IgM in the complete or 
partial absence of IgD. They typically have mutated 
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IgV region genes without ongoing mutations, 

* Plasmacytoma/plasma eel! myelomas are usually 
very similar in morphology and immunophenotype 
to non-neoplastic plasma cells. They usually lack 
CD45, CD20, and surface Ig and they express 
MUM1/IRF4, VS38c, CD138, CD38 and secretory 
Ig in the cytoplasm. Immature and anaplastic plas- 
macytomas may lack some of these markers. 

• Lymphocyte predominant Hodgkin lymphoma is a 
B-ceH neoplasm with features of a germinal center 
cell origin. The neoplastic cells express CD45 and 
most B-cell antigens, have rearranged Ig genes and 
show somatic mutations characteristic of germinal 
center cells. 

* Classical Hodgkin lymphoma, in contrast^ is a 
cell neoplasm that has lost nearly all moiphological 
and immunophenotypical features of its cell of ori- 
gin.^^^'* Its derivation from germinal center B cells 
could only be demonstrated by genetic studies, 
showing that the neoplastic cells have rearranged Ig 
genes that are typically mutated, consistent with 
exposure to the germinal center. Despite its B-cell 
origin, the tumor cells of Hodgkin lymphoma lack 
most molecules that are characteristic of B cells and 
germdnaj center B cells, and have instead acquired 
molecules that are typically absent from germinal 
center B cells, including CD30, CD15, TARC. and 
TRAFK 

• Diffuse large B-cell lymphomas stand— in terms of 

similarity to their cell of origin — between the small 
B-cell lymphomas and classical Hodgkin lymphoma. 
They display immunophenotypic and genetic fea- 
tures of B cells and B cell subsets, but often so in- 
completely that their precise allocation to a certain 
B-cell population is impossible. This lack of knowl- 
edge may soon be closed by cDNA micro-array stud- 
ies, which will lead to the discovery of new genes 
characteristic of, or even specific to» certain B-ceJl 
subsets. 

II, Molecular Pathogenesis of 
NoN-HoDGKiN*s Lymphomas 

Laura Pasqualucci, MD, and 
Riccardo Dalla-Favera, MD* 

Non-Hodgkin's lymphomas (NHL) represent a hetero- 
geneous group of diseases deriving from mature B cells 
(85% of cases) and, in a minority of cases, from T cells. 



* Institute of Cancer Genetics, Columbia University, 1150 St, 
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Among B-NHL, most histologic subtypes arise from 
germinal center (GC) or po$t-GC B cells, since they have 
undergone hypermutation of the immunoglobulin valu- 
able region (IgV) genes, a phenomenon restricted to GC 
B cells (Figpre 5)J 

Analogous to most human cancers, the genetic le- 
sions involved in NHL include the activation of proto- 
oncogenes and the disruption of tumor suppressor genes^ . 
In contrast to many types of epithelial cancers, the ge- 
nome of lymphoma cells is relatively stable and is not 
subject to the generalized random instability that char- 
acterizes many types of epithelial cancers.^ In addition, 
lymphomas generally lack microsatellite instability, 
which is caused by defects in DNA mismatch repair 
genes in some hereditary cancer predisposition syn- 
dromes as well as in a fraction of sporadic solid can- 
cers.*-^ Historically, detection of recurrent, non-random 
chromosomal abnormalities by karyotypic analysis of 
NHL metaphases has represented the major clue toward 
the identification and cloning of most genetic alterations 
of NHL. 

Activation of Proto-oncogenes by Chromosomal 

Translocation 
Chromosomal translocation represents the main mecha- 
nism of proto-oncogene activation in NHL, Analogous 
to most types of hematopoietic neoplasms, chromosomal 
translocations in NHL represent reciprocal and balanced 
■ recombination events between two specific chromosomal 
sites. These translocations are characterized by 
recunrency within a specific clinico-pathologic category 
of NHL (Figure 5) and are clonally represented in each 
tumor case. All NHL chromosomal translocations that 
have been cloned until now share a conrtmon feature, i,e, 
the presence of a proto-oncogene mapping to the vicin- 
ity of one of the two chromosomal recombination sites. 
In contrast with neoplasms of precursor lymphoid cells, 
chromosomal translocations associated with mature B- 
and T-cell malignancies do not generally lead to coding 
fusions between two genes. Rather, they juxtapose the 
proto-oncogene to heterologous regulatory sequences 
derived from the partner chromosome (Figure 6). These 
sequences may derive from antigen receptor loci as well 
as from other loci that are expressed at sustained levels 
in normal cells corresponding to the differentiation stage 
of the lymphoma (Table 4), The common consequence 
of the translocation is the deregulated expression of a 
proto-oncogene by two mechanisms: homotopic deregu- 
lation and heterotopic deregulation. Homotopic deregu- 
lation occurs when the proto-oncogene is expressed in 
normal cells of the same tissue, but its regulation is 
changed in the tumor Heterotopic deregulation occurs 
when the proto-oncogene is not physiologically ex- 
pressed in the normal cells and becomes ectopically ex- 
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FL • ' > DLBCL 




p53 IMACTIVATTON 



Figure 5, Model of B-cell non-Hodsldn's lymphoma {NHL) histogenesis and pathogenesis. 

A lymphoid follicle, constitirted by the germmal center (GC) and the mantle zone (MZ), is represented together with the surrounding marginal 
zone (Mar9Z). Based on the absence or presence of IgV somatic mutattcwns, B-cell NHL can be distinguished into two broad histogenetlc 
categories: i) pre-GC derived tslHL, lacking IgV mutations and Inctudir^ mantle cell tymptroma (MCL); il) B-cell NHL derived from a cell ttiat 
transited through the GC and harboring muJated IgV genes, exemplified In the figure by foHiorfar lymphoma (FL) . lymphopiasmacytic 
lymphoma (LPL) , MALT lymphoma, diffuse Jarge B-celt lymphoma (DLBCL) and Burkilt lymphoma (BL). In B-celt dironlc lymphocytic 
l^kemla/ small lymphocytic lymphoma (CLUSLL), the presence of somatically mutated IgV genes In >50% of the cases also suggests a 
derivation from a GC experienced B cell."^^ For each category, me arrow indcating the histogenetk; origin Is flanked by the genetic ieslon 
most frequently associated with the lymphoma. In CLL/SLL, as well as In a subset of DLBCL, the relevant cancer related gene has not been 
identified 
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Figure 6. Models of chromosomal translocations m non-Hodgkin's lymphoma (NHL). 
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Table 4, Chramosomal transiocations of non-Hodgkin's lymphoma (NHL). 
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Mechanism 




NHL histologic type 


Translocation 


cases 
affected 


oncogene 
Involved 


of proto-oncogene 
activation 


Proto-oncogene function 


LymphoptasTTiacytic 
iyrnpr*<jrnct 


t(9;14)(p13;q32) 


50% 


PAX'5 


Transcriptional 

cieregulatlon 


Transcription factor regulating B-cell 
proliferation and differentiation 


Follicular lymphoma 


t{14;l8)Cq32;q21) 

t(2;18Kp11;q21) 

t(18:22Kq21;q11) 


90% 


BOL-2 


Transcriptional 
deregulation 


Negative regulator of apoplosis 


Mantle cell lymphoma 


t(11;14)(q13;q32) 


70% 


BCl-V 
cycfin D1 


Transcriptional 
deregulation 


CeW cycle regiHator 




tf11'1 8^021 :a21i 
t{1;14)(p22;q32) 


50% 
rare 


API2/MLT 
BCMO 


Fusion protein 
Trancnptjonat 
deregulation 


AP12 has antiapoptotio activity 
Anti-apoptosis (?) 


Diffuse large B-cell 
lymphoma 


deT{3){q27) 


35% 


BCL^ 


Transcriptronai 
deregulation 


Transcriptional repressor reqiBred for 
GCfcMrmation 


Burkitt lymphoma 


t(8;14)(q24;q32) 

t(2:8)(p11;q24) 

t(8;22)(q24;q11) 


80% 
15% 
5% 




Transcriptional 
deregulation 


Transcription factor regulating c^l 
proliferation and growth 


Anaplastic large 


t{2:5){p23;q35) 


60%* 


NPM/ALK 


Fusion protein 


>^tKls a tyrosine kinase 



In the adult population; 85% !n childhood, 

pressed as a consequence of the translocation. The two 
exceptions to the deregulation model of NHL transloca- 
tions are represented by the t(2;5) of T-cell anaplastic 
large cell lymphoma and the t(]l;18) of MALT lym- 
phoma, which cause gene fusions coding for chimeric 
proteins (Table 4),^-^ 

The pathogenetic role of chromosomal transloca- 
tions is demonstrated by in vitro transformation studies 
as well as by experiments in transgenic animal models. 
These experimental models indicate that chromosomal 
translocations contribute to lymphoma but are not suffi- 
cient to cause it, consistent with the requirement for 
jBultiple genetic lesions in tumorigenesis. The mecha- 
nism by which chromosomal translocations occur is 
largely unknown, although they appear to be associated 
with dysfunctions of the genetic remodeling mechanisms 
operating in lymphoid cells, including Ig gene rearrange- 
ments (VDJ and switch recombination) and somatic 
hypermutalion.^ 

Inactivation of tumor suppressor loci Disruption of 
tumor suppressor loci in NHL occurs through mecha- 
nisms similar to those associated with other human can- 
cers and generally leads to biallelic inactivation, most 
frequently through deletion of one allele and mutation 
of the other. The tumor suppressor genes most frequently 
involved in the pathogenesis of NHL are represented by 
p53, pl6, and ATM (for ata?da telangiectasia mutated).^-" 

In addition, NHL frequendy casry specific chromo- 
somal deletions, which presumably represent sites of not 
yet identified tumor suppressor loci. The most frequent 
of these deletions involve the long arm of chromosomes 



6(6q) and 13 (13q),>^-^^ 

Somatic hypermutation. Recent evidence suggests 
that important genetic changes associated with lympho- 
magenesis may derive from an apparently aberrant ac- 
tivity of the somatic hypermutation process that normally 
engenders Ig diversity in germinal center B cells by mu- 
tating the IgV genes.'-^^ Somatic hypermutation may 
contribute to NHL development by three mechanisms. 
First, based on the observation that somatic 
hypermutation requires DNA double strand breaks,'*' it 
has been suggested that it may favor the occurrence of 
chromosomal translocations. Second, it has been recently 
shown that the physiologic activity of somatic 
hypermutation is not restricted to IgV genes, since the 
5' sequences of the BCL-6 and Fas/CD95 genes are also 
hypermutated in norma! GC B-lymphocytes,^^"'^ Initial 
evidence suggests that some of these mutations may be 
selected during lymphomagenesis for their activity in 
deregulating BCL-6 gene expression (Pasqualucci et al> 
in preparation). Finally* recent evidence suggests that 
an apparently aberrant activity of somatic hypermutation 
can target multiple genes, including several proto- 
oncogenes, in DLBCL (see below).^** 

Pathogenetic Heterogeneity of NHL 

Small lymphocytic lymphotna/B-cell chronic lymphocytic 
leukemia. The molecular pathogenesis of small lympho- 
cytic lymphoma/B-cell chronic lymphocytic leukemia 
(SLL/B-CLL) is largely unknown. In particular, none 
among the cancer-related genes known to date has been 
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shown to associate consistently and selectively with SLL/ 
B-CLL. Deletions of chromosome 13ql4 occur in ap- 
proximately 60% of cases when analyzed by sensitive 
molecular tools, but the tumor suppressor gene presum- 
ably involved in these lesions has not been identified.'* 
Among known cancer related genes, mutations of p53 
occur in 10% of the cases of SLL/B-CLL and the fre- 
quency of p53 inactivation increases substantially in late 
stages of the disease, suggesting that it may be involved 
in tumor progression.^' 

Lymphoplasmacytic lymphoma. Approximately 50% 
of lymphoplasmacytic lymphoma associate with the 
t{9;34)(pl3;q32) translocation (Table 4 and Fig. 5),2^The 
translocation appears to display a preferential cluster- 
ing with cases associated with Waldenstrom's macro- 
globulinemia. The chromosomal breakpoints of 
t(9;14Xpl3;q32) involve the Ig heavy chain (Ig^) locus 
on chromosome 14q32, and, on chromosome 9pI3, a 
genomic region containing the PAX-5 (Paired 
Homeobox-5) gene.^^ PAX-5 encodes a B-cell specific 
transcription factor involved in the control of B-cell pro- 
liferation and differentiation.^^ Presumably, the juxtapo- 
sition of PAX-5 to the Ig,^ locus in NHL carrying 
t(9;14)(pl3;q32) causes its deregulated expression, thus 
contributing to tumor development. 

Mantle cell lymphoma. Mantle cell lymphoma 
(MCL) is frequently associated with t(ll;14)(ql3;q32) 
(Table 4 and Fig. S)}^ The translocation juxtaposes the 
BCL-l locus at llqI3 with the Igj, locus at i4q32, lead- 
ing to heterotopic deregulation of BCL-l (also known as 
CCNDl or PRAD\\ which encodes for cyclin Dj, a 
member of the D-type G, cyclins involved in cell cycle 
controP* and not expressed in norma] B cells, BClrl is 
expressed and detectable by immunohistochemical 
analysis even in MCL cases lacking a cytogenetically 
detectable t(ll;14)(ql3;q32), strongly suggesting that 
deregulation of this gene is a critical event in the patho- 
genesis of MCL. The pathogenetic role of BCL-\ acti- 
vation in human neoplasia is suggested by the ability of 
cyclin D, deregulation to contribute to B-cell lympbo- 
magenesis in transgenic mice,^^-^* Among B-NHL, cyclin 
D, overexpression is restricted to MCL and represents a 
useful diagnostic marker for this malignancy. 

Follicular lymphoma. The genetic hallmark of follicular 
lymphoma (FL) is represented by chromosomal translo- 
cations involving the BCL-l gene, which are detected in 
80 to 90% of the cases (Table 4 and Fig. 5).^^ Other ge- 
netic lesions may also occur, especially in FL cases that 
have progressed to high grade NHL. 

Chromosomal translocations involving the BCL-2 
gem. Translocations involving 18q21 [t(14;18)(q32;q21)] 
typically juxtapose 18q21 to the Ig^^ locus, leading to 
deregulated expression of BCL-2 and, consequendy, to 



constitutively high levels of the BCL-2 protein within 
the cells.^'* The BCL-l gene encodes a 26-kDa integral 
membrane protein that has been localized mainly to mi- 
tochondria.^^ Whereas most proto-oncogenes of lym- 
phoid neoplasia directly enhance cell proliferation, BCL- 
2 controls the cellulai' apoptotic threshold by preventing 
programmed cell death,^^ Thus, deregulation of BCL-2 
expression may lead to the abnormal survival of B cells 
with accumulation of additional. genetic lesions leading 
to lymphomagenesis, 

Other genetic lesions^ Deletions of chromosome 6 
at 6q27 occur in approximately 20% of the casesJ^ Over 
time, a significant fraction of FL evolves into an aggres- 
sive lymphoma with a diffuse large cell architecture. This 
histologic transformation is frequently associated with 
p53 mutations/deletions.^^ In some cases, transformation 
is accompanied by inactivation of pi 6 by deletion, mu- 
tation or hypermethylation. In very raj'e cases, the histo- 
logic progression of FL involves c-M^C rearrangements 
or chromosome 6q deietionsJ^ 

Mucosa-associated lymphoid tissue (MALT) lym- 
phofna. The understanding of the molecular pathogen- 
esis of MALT lymphoma is still in its early stages. In the 
case of gastric MALT lymphoma, the majority of tu- 
mors are associated with Helicobacter pylori infection.^^ 
It has been suggested that gastric MALT-NHL may be 
dependent upon antigen stimulation by H. pylori since 
malignant lymphoid cells respond to K pylori, antigens 
and since the lymphoma may regress upon eradicadon 
of infection. The most common genetic alteration of 
MALT~NHL is represented by the t(l 1 ;18)(q21 ;21) trans- 
location (-50% of cases), which fuses the API2 gene, 
encoding an inhibitor of apoptosis, to the MLT gene, 
generating a novel fusion protein with presumed anti- 
apoptotic functions (Table 4 and Fig. 5).^ More rarely, 
the t{I ;14)(p22;q32) translocation leads to transcriptional 
deregulation of the BCL-10 gene, a negadve regulator 
of apoptosis,^"^ Among genetic alterations commonly in- 
volved in other NHL types, only jBCL-6 rearrangements 
and p53 mutations have been detected in MALT-NHL, 
though at very low frequency. Cytogenetic studies, how- 
ever, have pointed to several abnormalities recurrently 
involved in these tumors, including trisomy 3? 

Diffuse large B-cell lymphoma (DLBCL). DLBCL 
is characterized by a marked heterogeneity in pheno- 
type and clinical behavior, suggesting that it may include 
multiple, presently unrecognized disease entities.^^ Con- 
sistent with this heterogeneity, the genetic lesions asso- 
ciated with DLBCL are also heterogeneous. 

Chromosomal translocations and mutations ofBCL- 
6. Cytogenetic studies have demonstrated that chromo- 
somal alterations affecting band 3q27 are a recuirent 
abnonnality in DLBCL (Table 4 and Fig, 5). These al- 
terations are predominantly represented by reciprocal 
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translocations between the 3q27 region and various (>10) 
alternative partner chromosomes, including, the sites of 
the Ig genes at 14q32 (Ig,,), 2pl 1 (Ig,) and 22ql 1 (Ig^).^^ 
The cloning of the 3q27 chromosomal breakpoints 
led to identification of the BCL-6 gene, which is involved 
in the majority of DLBCL cases harboring 3q27 breaks 
irrespective of the partner chromc^ome participating in 
the translocation.^ BCL-6 is a transcriptional repressor 
belonging to the family of transcription factors contain- 
ing zinc-fingers, and functions by inhibiting the expres- 
sion of genes carrying its specific DNA-binding moiif,^'' 
Within the B cell lineage, BCL-6 expression is to- 
pographically restricted to the GC, and is required for 
GC formation, since mice lacking BCL-6 consistently 
fail to form GC and display impairments in the T-cel] 
dependent immune response.^^-^^ Overall, these animal 
models unequivocally demonstrate that BCL'6 is a key 
regulator of GC formation and B-cell immune response. 

Chromosomal translocations involving band 3q27 
are detectable in 35% of DLBCL cases and in a small 
fraction of FL.^^ In these translocations, the gene 
is truncated in its 5' non-coding region and heterolo- 
gous promoters derived from other chromosomes are 
juxtaposed in front to an intact coding sequence, 
leading to homotopic BCL-6 deregulation by a mecha- 
nism called promoter substitution (Figure 7).'*^ In addi- 
tion, up to 75% of DLBCL display multiple somatic 
mutations clustering in the BCL-6 5' regulatory se- 
quences independent of chromosomal transiocations,^^'"" 
suggesting that some mutations may be selected for their 
ability to alter its transcriptional regulation (Fig, 7), 

Aberrant somatic hypermutation. Recent findings 
indicate that an apparently aberrant activity of the so- 
matic hypermutation mechanism, which normally tar- 
gets the Ig. BCL-6 and Fas genes, can elicit tumor-asso- 
ciated lesions at multiple genetic loci in DLBCL.^^ The 
four proto-oncogenes FIM-I, cMYC, PAX-5 and RhoH/ 
TTF were found hypermutated in DLBCL, with > 50% 
of cases carrying at least two mutated genes. Mutations 
are of somatic origin, independent of chromosomal U'ans- 
location to the Ig loci, and share features specific for the 
IgV-associated somatic hypermutation mechanism. 
Moreover, in PIM-I and c-AfXC the mutations affect non- 
translated as well as coding regions, leading to amino 
acid changes with potential functional consequences. In 
contrast with IgV, however, none of these four genes 
displayed a significant level of mutations in normal GC 
B-cells or in other GC-derived lymphomas, indicating a 
tumor-specific malfunction of somatic hypermutation in 
DLBCL. Intriguingly, each of the four hypermutable 
genes is also susceptible to chromosomal translocations 
in the same region, consistent with a role of hyper- 
mutation in generating translocations via DNA double- 
strand breaks J ^ The number of genes targeted by the 



aberrant somatic hypermutation mechanism and the 
mechanism involved in this aberration are presently un- 
known. However, by mutating the regulatory and cod- 
ing sequences of multiple genes and possibly by favor- 
ing chromosomal translocations, aberrant hypermutation 
may represent a major contributor to DLBCL develop- 
ment. 

Other genetic lesions of DLBCL. Several additional 
genetic lesions have been detected in DLBCL. Approxi- 
mately 25% of DLBCL cases display chromosomal re- 
arrangements of BCL/l? These translocations are en- 
tirely similar to the ones associated with FL and lead to 
the deregulated expression of BCL-2. These alterations 
appear to be mutually exclusive with BCL-S rearrange- 
ments and tend to associate with DLBCL cases deriving 
from the histologic transformation of FL."^^ Amplifica- 
tion of the REL gene, encoding a member of the NF-kB/ 
REL family of transcription factors involved in cell acti- 
vation and survival, occurs in 20% DLBCL, preferen- 
tially in cases with extranodal involvement/^ Among 
tumor suppressor genes, inactivation of p53 frequently 
associates with cases resulting from the histologic trans- 
formation of FI-. (Fig. 5\ Finally, deletions of the long 
arm of chromosome 6 are also ft-equently detected in 
DLBCL, although the gene(s) involved is not knownJ^ 

Burkitt lymphoma: Translocations involving c-MYC. The 
sporadic, endemic and HIV-associated forms of Burkitt 
lymphoma (BL) are characterized by chromosomal trans- 
locations between c-Mi^C and one of the Ig loci in 100% 
of cases (Table 4 and Fig. 5).^ The common consequence 
of these translocations is the homotopic deregulation of 
the c-MYC proto-oncogene, which encodes a ubiqui- 
tously expressed nuclear phosphoprotein that functions 
as a transcriptional regulator controlling cell growth and 
proliferation."^ Expression of c-MYC is rapidly induced 
in quiescent cells upon mitogenic induction, suggesting 
that c-MYC plays a role in mediating the transition from 
quiescence to proliferation. Chromosomal translocadons 
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Figure 7. Chromosomal translocations and somatic 
hypermutation of the BCL-6 noncoding region in cfiffuse 
large B cell lymphoma (DLBCL), 
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cause C'MYC deregulation by at least two distinct mecha'- 
nisms. First, translocated c-MYC alleles are juxtaposed 
to heterologous regulatory elements derived from Ig loci. 
Second, the 5' regulator/ regions of c-MFCare frequently 
affected by mutations, which in some cases have been 
shown to alter c-Myc transcription by releasing a block 
on transcriptional elongation.''^ In other cases, missense 
mutations can deregulate c-Myc function by interfering 
with its phosphorylation, protein stability or repression 
of transactivation activity by the Rb-related protein 
pl07.*^ 

Several lines of ex-perimental evidence document 
that deregulated expression of c-MYC can influence the 
growth of B-cells in vitro and in vivo. In particular, the 
targeted expression of c-MYC oncogenes in the B-cell 
lineage of transgenic mice leads to the development of 
B~cel] malignancies. 

Other genetic lesions ofBL In addition to c-MYC 
translocations, the molecular pathogenesis of BL in- 
volves infection of the tumor clone by EBV, inactiva- 
tion of the p53 and p}6 tumor suppressor genes, muta- 
tions of the 5' non-coding regions of and dele- 
tions of 6q,^ Infection by EBV occurs in virtually all 
cases of endemic BL and in approximately 30% of cases 
of sporadic BL/^ The consistent monoclonality of EBV 
infection in BL suggests that infection precedes clonal 
expansion of the tumor, consistent with a pathogenetic 
role of the virus. Notably, however, BL cells fail to ex- 
press the EBV transforming antigens LMP-1 and EBNA- 
2, rendering the role of EBV infection unclear. Inactiva- 
tion of ;75J is detected in approximately 30-40% of BL 
cases, independent of their geographic origin or of the 
presence of EBV infection.^^ Inactivation of pi 6 occurs 
in 30-40% of BL through mutation, deletion or 
hypermethylation,^^ As in many other NHL types, BL is 
also associated with deletions of 6q. 

Anaplasuc large cell lymphoma. Anaplastic large cell 
lymphoma (ALCL) is a T-cell lymphoma and typically 
associates with the t(2;5)(p23;q35) translocation, which 
involves the fusion of the nuclepho$min/B23 (NFM) gene 
on 5q35 to a novel anaplastic lymphoma kinase (ALK) 
on 2p23.* As a consequence of this translocation, the 
NPM and ALK genes are fused to form a chimeric tran- 
script that encodes a hybrid protein (p80) in which the 
aminoterminus of NPM is linked to the catalytic domain 
of ALK. Two distinct oncogenic effects are thought to 
be caused by the t(2;5) translocation. First, the ALK gene, 
which is not physiologically expressed in normal T lym- 
phocytes, undergoes heterologous expression in lym- 
phoma cells, conceivably because of its juxtaposition to 
the promoter sequences of NPM, which are physiologi- 
cally expressed in T cells. Second, based on the activa- 
tion model of other tyrosine kinase oncogenes, one would 



predict that the truncated ALK constitutively phospho- 
lyiates intracellular targets to trigger malignant trans- 
formation. The pathogenetic role of NPM/ALK rear- 
rangements is supported by studies in vitro and in vivo. 
In particular, retroviral-mediated gene transfer of NPM/ 
ALK in vivo causes T-cell lymphoid malignancies in 
mice."** 

IH. DNA MiCROARiuv Analysis: What Can It Tell 

Us ABOUT THE BlOLOGY OJ? LyMPHOm NEOPLASMS? 

Wing C. Chan, MD^ 

Rationale for gene expression profiling of cancers 

Carcinogenesis is generally initiated by a genetic lesion 
that results from an error occurring during nonnal cell 
function or from unrepaired physical or chemical dam- 
age to the genomeJ Rarely, the abnormal gene is inher- 
ited, resulting in an increased susceptibility to cancer 
for all family members who have inherited the gene.^ 
This initial event provides an increased chance for addi- 
tional genetic lesions to develop, usually over a number 
of years. When a cell acquires the proper combination 
of genetic lesions, it wiU have the full potential to gener- 
ate a malignant tumor. As the neoplastic cells continue 
to divide and expand, additional genetic alterations may 
be acquired and some of th^e may contribute to char- 
acteristics that make the tumor more clinically aggres- 
sive and/or resistant to treatment, such as enhanced 
growth rate, independence of growth signals and resis- 
tance to death-inducing signals. 

We can postulate that the characteristics of a tumor 
and its clinical behavior are determined by the unique 
set of genetic lesions harbored by the tumor cells. These 
genetic lesions alter the pattern of mRNA expression in 
the cell, and this altered pattern can be regarded as the 
"molecular signature" or ''fingerprint" of the tumor Tu- 
mors with closely related genetic lesions will have very 
similar "signatures" and also will be expected to have 
similar clinical behaviors. It is, therefore, logical to make 
the following assumptions: 1) gene expression profiling 
will help us establish a clinically relevant and biologi- 
cally meaningful cancer classification; 2) gene expres- 
sion profiles will be helpful in prognostication and treat- 
ment decision making in individual cases; and 3) study- 
ing gene expression profiles will make it possible to iden- 
tify genes that are important determinants of the behav- 
ior of lymphomas. 
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Techniques for Gene Expression Profiling 
One way of obtaining the gene expression profile of a 
tumor is to prepare a cDNA library from the extracted 
mRNA and perform a massive sequencing of the clones. 
This approach is useful for gene discovery but not prac- 
tical for profiling a large series of tumors. A more effi- 
cient method has been developed: Seriai Analysis of 
Gene Expression (SAGE), which still involves a com- 
plicated series of experimental manipulation and a sub- 
stantial amount of DNA sequencing for each specimen.^-^ 
The DNA microarray is, in principle, a reverse 
Northern blot, in which the '*probes" for various mRNA 
species are immobilized on a solid support, and the 
sample to be examined is labeled and hybridized to the 
immobilized probes. The intensity of the hybridization 
signal on each probe is related to the concentration of 
the corresponding mRNA in the sample. A DNA-micro- 
array usually contains thousands of immobiliz:ed probes, 
most commonly on a solid non-porous support, although 
membrane based arrays are still used by some investi- 
gators. The recently revised estimate of the number of 
human genes is somewhere around 30,000,^-^ but there 
are more mRNA species that arise through alternative 
splicing and other mechanisms. The current collection 
of over 40,000 human cDNA clones at Research Genet- 
ics (httpiZ/www.resgenm.com) constitutes a substantia] 
proportion of all mRNA transcripts. While most investi^ 
gators are not using all of these clones in their experi- 
ments, an array with 10,000 clones, especially if they 
are enriched with known genes and expression sequence 
tags (ESTs) of interest for a particular investigation, will 
be able to monitor the expression of a major population 
of genes. 

Two platforms of DNA microan^ays are commonly 
used. In one, the spots on the microarray consist of poly- 
merase chain reaction (PGR) amplified products of the 
cDNA inserts in plasmid clones. After appropriate prepa- 
ration, these PGR products are spotted on a poly L-lysine 
or aminosilane coated glass slide using an arrayer.'''* The 
other type of microarray contains oligonucleotide probes. 
In the one manufactured by Affymetrix Inc., the oligo- 
nucleotides are synthesized in situ by a process called 
photolithography.^ It is also possible to synthesize oli- 
gonucleotide probes off chip and then attach them on 
microarrays; new methods of in situ synthesis have also 
been describedJ^The advantage of the cDNA microarray 
is the flexibility of design, which allows more ready 
customization of the array to fit the needs of the investi- 
gators- If a large number of arrays are needed, it may be 
more economical to produce them in an array facility 
than to purchase commercial arrays." On the other band, 
the fabrication of the cDNA arrays and the quality con- 
trols are quite variable among laboratories. Even for 
cDNA microarrays produced in the same facility, the 



spots on the array are not completely uniform and may 
vary significantly within and between arrays. Therefore, 
hybridization is typically performed with the addition 
of a standard RNA preparation to the test RNA. The stan- 
dard and test RNA samples are labeled by reverse tran- 
scription with different fluorescent dyes. The ratio of 
the test versus standard cDNA hybridized to each of the 
spots depends on their relative concentration in the mix- 
ture. The fluorescence due to the test and standard cDNA 
on each spot is quandtated and expressed as a ratio. The 
concentration of each cDNA in different test samples 
can, therefore, be compared with each other because the 
measurements are all expressed as a ratio of the stan- 
dard- There have been extensive discussions on the merit 
of using a universal standard so that results can be readily 
compared across different laboratories, both for scien- 
rific exchange and for quality assessment of the 
nfiicroarray experiments. 

Data Management and Analysis 
For each microarray experiment, there are thousands of 
experimental measurements that need to be processed, 
including fluorescence measurement, background sub- 
traction and data normalization,^ It is desirable to per- 
form each experiment in duplicates or triplicates in or- 
der to differentiate between experimental variations and 
real differences in expression level. However, it is often 
not possible to obtain sufficient amounts of RNA in clini- 
cal settings for multiple experiments, and the cost in- 
volved is also a consideration. 

After image processing, a massive amount of infor- 
mation must be analyzed. A number of analytical tools 
are currently available for detecting structures in the data 
set, for model fitting, class prediction/assignment and 
class discovery.'^'"'' There is no single best tool, and the 
most appropriate tools for an experiment depend on the 
experimental design, the data obtained and the questions 
being addressed. A detailed discussion of the analytical 
methods is beyond the scope of this communicadon and 
only a brief outline of one of the most widely used tools — 
agglomerative hierarchical clustering — ^will be pre- 
sented.*^ The most common format for presenting gene 
expression analysis is in the form of a matrix, with a list 
of genes on the microarray (usually on the Y-axis) plot- 
ted against the tumor samples (usually on the X-axis) in 
the study. Agglomerative hierarchical clustering is a 
"bottom-up" clustering method, starting by clustering 
pairs of genes with the most simjlar pattern of expres- 
sion across samples, and successively combining these 
initial clusters into larger clusters until all the genes are 
clustered into a dendrogram (Figure 8 [color page 545] 
and Figure 9). Samples can be similarly clustered ac- 
cording to their overall similarity in gene expression pro- 
files. Clustering can be performed either unsupervised 
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Figure 9, Process of agglomerative (bottom-up, clumping) hierarchical clustering. 

The figure is a diagrammatic repr esenlatian of Ihe process of agglomerative hierarchicaf ciustering. Each dot represents a sample associ- 
ated with a certain gene expression pattern.The computer algorfthm will identify pairs of samples with the most similarity in expression 
pattern. Samples are added to these original pairs based now on the average pattern of gene expression of each of the pairs.This process is 
repeated, giving rise to larger and larger clusters and eventually all the samples will be grouped togett^er under one dusterThe cluster can 
be represented in the form of a dendrogram as iBustrated in Figure 8 (color page 545). 
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or supervised. In unsupervised clustering, the predefined 
clustering algorithm is allowed to arrange the genes and 
samples. In supervised clustering, certain investigation- 
defined parameters, based on some prior knowledge, are 
employed to guide the clustering- These parameters may 
be, for example, clinical data or a set of genes with cer- 
tain known biologic functions. 

Gene expression profiling is a powerful technology, 
but additional information on the tumor, including cyto- 
genetic/molecular genetic data, and on the patients can 
markedly enhance the discovery process. Depending on 
the questions to be addressed, a sufficient number of 
cases should be included to allow statistically meaning- 
ful analysis. Validation of the analytical results is im- 
portant. Different analytical tools may be applied to con- 
firm the validity of the conclusions from one analytical 
method. The reproducibility of clustering may be tested 
by introducing random Gaussian noise to each data point, 
and the perturbed data are then re-<;lustered. A valida- 
tion set of samples may be analyzed to test the conclu- 
sion drawn from a prior experiment with a different set 
of samples. 

Special Considerations in the 

Study of Human tumor Specimens 

A number of issues confront investigators studying clini- 
cal specimens. Typically, the specimens have not been 
collected in a uniform, controlled fashion, thus intro- 
ducing certain variables that may influence the gene 
expression pattern. In many of the studies, the tumor 
samples ai'e stored as frozen tissues, so that separation 
of tumor from other non-neoplastic elements at the time 
of the study is not practical When whole tissue is used 
for microarray analysis, the gene expression profile is a 
composite of all types of cells present. This complicates 
the interpretation of the data but, on the other hand, there 
is added information on the gene expression profile of 
the infilu^ating lymphocytes, macrophages and stromal 
cells. The pattern of host response may provide impor- 
tant insight into the biology of the tumor and the clinical 
course of the patient. To assess the expression level of 
selected genes in tumor cells, specific analysis such as 
RT-PCR on micro-dissected tumor, in situ hybridization 
or immunohistochemistry may be performed. It may also 
be possible to obtain sufficient tumor cells by micro- 
dissection of frozen tumor sections for total cDNA am- 
plification for confirmatory microarray analysisJ®-^^ 

Gene Expression profiling in Human Malignancies: 
Current Status 

There are numerous ongoing gene expression profiling 
studies on many dijfferent types of human malignancies. 
One of the major themes in these experiments is to ex- 
plore the potential of gene expression analysis in class 



prediction (classifying tumors into cun'ently defined 
categories) and class discovery {finding new tumor types 
that are biologically meaningful). There are good indi- 
cations that gene profiling will be successful in both. 
The promises and challenges gleaned from these early 
studies are discussed below using illustrative examples. 

Alizadeh et al^'^ studied three types of B-celi malig- 
nancies: DLBCL, follicular lymphoma (FL) and B- 
chronic lymphocytic leukemia (CLL), using a microairay 
enriched in genes known to be involved in lymphoid neo- 
plasms and in lymphocyte biology. Using unsupervised 
hierarchical clustering, these three categories were sepa- 
rated broadly into three corresponding clusters accord- 
ing to their overall gene expression pattern. This sug- 
gests that distinct groups of lymphoma defined by tradi- 
tional parameters have sufficiently different patterns of 
gene expression that they can be separated by the set of 
genes examined on the array (class prediction). 

A major potential pitfall in this interpretation was 
that different types of specimens were used for the dif- 
ferent diseases. The DLBCL were submitted as frozen 
tumor tissue, while many of the FI^ and CLL samples 
were comprised of enriched tumor cells; therefore, there 
was differential expression of large sets of genes associ- 
ated with stromal elements and infiltrating T-cells in the 
tumors. In addition, DLBCL generally has a higher pro- 
liferation rate than FL and CLL and, hence, exhibits up- 
regulation of genes associated with cell proliferation. 
The common expression of these large sets of genes may 
move cases into the same cluster despite the presence of 
important biologic differences. Therefore, additional 
analyses taking into consideration all important con- 
founding variables are necessary. 

The investigators noticed that there was a set of genes 
preferentially expressed by normal germinal center (GC) 
B-cells but not by peripheral blood B-cells activated by 
a number of stimuli. When the set of GC-B cell associ- 
ated genes was used to cluster the DLBCL cases, two 
broad groups were delineated. One group expressed 
many of the genes in the GC-B-cell associated profile, 
while the other expressed few of die GC-B -cell associ- 
ated genes but, instead, expressed many of the genes on 
the activated B-cell profile. Hence, two subgroups of 
DLBCL that appear to be biologically distinctive can be 
defined by their gene expression profile (class discovery). 

Golub and colleagues^^ studied acute myeloid 
(AML) and acute lymphoid leukemias (ALL) using an 
Affymetrix array and found that class prediction of most 
cases of AML, T~ALL and B-ALL could be accom- 
plished. Interestingly, many of the genes useful in class 
prediction of AML versus ALL are not lineage-specific 
markers, indicating that differences in the biology of the 
tumor cells that go beyond lineage differentiation. A 
workshop was held at Duke University (Dec, 2000) 



208 



American Society of Hematology 



where the set of data generated by Golub et aJ was ana- 
lyzed by the participants, and most groups were able to 
accurately predict all but one of the test cases based on 
the expression data.^^ 

Similar class prediction and/or class discovery stud- 
ies have been performed on other tumors, including ma- 
lignant melanoma,^'' breast carcinoma^^'^^ and childhood 
sarcoma.^'' 

When apparently new tumor categories are discov- 
ered on analyzing gene expression data, the finding re- 
cpjires careful validadon. Aside from reanalyzing the data 
using various tools, one can examine these new classes 
for biologic and clinical relevance using independent pa- 
rameters other than gene expression. Alizadehs et al^** 
examined the clinical distinctiveness of the two new 
classes of DLBCL by correlating the overall survival 
(OAS) of the patients with the microarray classification, 
A significantly better OAS was associated with the group 
of lymphoma with the GC-B cell-like profile and this 
association appeared to hold even when cases with low 
clinical risk factors (IPl of < 3) were examined. The clini- 
cal data thus provided independent support for the va» 
lidity of the class discovery. A recent study by Shipp et 
aP^ directly examined the usefulness of gene expression 
profiling using the Affymetrix aixay in predicting clini- 
cal outcome in a series of patient with DLBCL who had 
received CHOP-based chemotherapy. Two groups with 
significant differences in survival could be identified 
within the entire population and also within patients in 
the intermediate IPI risk categories. It would be highly 
interesting to confirm the validity of these findings with 
an independent set of cases. 

The validity of the class discovery can also be que- 
ried by independent biologic parameters. One cardinal 
feature of GC-B cells is the presence of ongoing somatic 
hypermutation of the immunoglobulin (Ig) genes. The 
group of DLBCL with an expression profile similar to 
GC-B cells would be expected to exhibit this character- 
istic, while the other group should not. This hypothesis 
was tested in 14 of the cases previously studied by 
Alizadeh and colleagues-^^ All 7 cases with the GC-B~ 
like gene expression profile showed ongoing somatic 
hypermutation of their IgH genes, while only 2 of 7 of 
the cases with the activated B-cell-like pattern showed 
ongoing mutations, but at a lower level compared with 
the previous group,^^ The 2 cases with unexpected on- 
going mutations were at the junction of the two large 
clusters and may represent cases with overlapping bio- 
logic characteristics, which could explain the unexpected 
behavior 

Since the unique gene expression profile of a tumor 
is determined by the intricate interaction of the genetic 
abnormalities present, it is andcipated that each of the 
genetic abnormalities, especially those with a major in- 



fluence on the biology of the tumor, wil) leave some 
unique "footprint" on this profile. Gene expression sig- 
natures correlating with specific genetic abnormalities 
may be detectable. The t{14;18)(q32;q21) is a hallmark 
of FL but is also detectable in 20-30% of cases of de 
novo DLBCL, If the bcl-2 translocation is an initiating 
event for DLBCL as for FL, one would expect that the 
precursor cells of these large cell lymphomas would also 
start their journey in germinal centers. Different second- 
ary events lead to alternative pathways resulting in ei- 
ther FL or DLBCL. It is likely, therefore, that DLBCL 
with t{14;18) would exhibit the GC-B cell-like expres- 
sion profile. A recent study demonstrated that this is in- 
deed the case.^ Seven of 35 cases of DLBCL had t( 14; 1 8) 
and all of these had the GC-B cell gene expression pro- 
file. Six of 7 cases also clustered closely with each other, 
with norma! GC-B cells and a cell line with t(14;l8). 
This finding supports the validity of the sub-division of 
the DLBCL into two major subtypes according to their 
gene expression profile, and it also supports the conten- 
tion that significant genetic alterations may be associ- 
ated with identifiable expression signatures. 

In a recent report/^ the gene expression profiles of 
sporadic breast cai^cinomas and cases with mutation of 
BKCA~1 or BRCA-2 were studied to determine whether 
tumors with BRCA-1 or ~2 mutations were identifiable 
through differences in the expression profiles. Groups 
of genes with significant differential expression in tumors 
with the two different mutations were identified, support- 
ing the hypothesis that important genetic alterations may 
be associated with unique gene expression profiles. 

The above findings underscore the importance of 
determining the genetic abnormalities in tumors submit- 
ted for gene expression profiling. Genetic abnormalities 
are frequently not readily apparent from the expression 
profile and unlikely predictable from the expression level 
of the corresponding mRNA alone. A careful coixela- 
tive study between known genetic abnormalities and the 
coiresponding gene expression profiles is essential to 
discover the expression footprints associated with spe- 
cific genetic lesions. Routine cytogenetic data may be 
significantly enhanced by multicolor karyotyping such 
as SKY and M-FISH.^^-^^ Additional information may 
be obtained by comparative genomic hybridization^^-^^ 
or PISH analysis of specific loci. Abnormalities in spe- 
cific genes such as mutations and methylation may also 
be determined by a number of molecular assays. This 
information will be very helpful in the interpretation of 
gene expression data, which, in turn, may help us un- 
derstand the functional effect of a genetic abnormality. 

At this stage, few genes or pathways have been iden- 
tified by gene profiling studies of tumors to be essential 
components in defining clinical behavior and/or various 
biologic characteristics. In general, there are hundreds 
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or more genes tliat are differentiaJiy expressed at vari- 
ous levels between even closely related categories of 
tumors. To identify the important versus the secondary 
or accompanying events is a major challenge. Gene ex- 
pression data should not be interpreted in isolation. All 
ancillary information including various tumor and clini- 
cal characteristics could be helpful in their interpreta- 
tion. A few candidate genes have been proposed. The 
RhoC gene has been implicated to be a key determinant 
of metastatic potential and tumor invasion in melanoma 
cells.^^ Down regulation of c-MYC and IL-6 expression 
has been shown in myeloma cells exposed to thalido- 
mide, and these are thus believed to be important target 
genes for the drug.^'* There will be an exponential in- 
crease in candidate genes in the next few years, and the 
painstaking task of confirming their importance and de- 
lineating the mechanisms of action will have to follow. 

Numerous attempts have been made to develop as- 
says that will accurately predict the sensitivity of a tu- 
mor to various chemotherapeutic agents. The possibil- 
ity that the gene expression pattern of a tumor may pro- 
vide the chemo-responsiveness profile has been exam- 
ined in some preliminary experiments using a collection 
of cell lines {NCI-60). The results are promising, and 
suggest that selecting the most appropriate therapy based 
on gene expression profile is feasible,^^'^** 

Perspective 

Geiie expression profiling of cancer has shown tremen- 
dous promise in delineating the molecular mechanisms 
and the key genetic components underiying the differ- 
ent biologic properties and clinical behaviors among 
malignant neoplasms. Some of these genes and their 
products may be suitable targets for therapeutic inter- 
vention. The Ureatment of many types of cancers is lim- 
ited by the lack of new, effective drugs. It is hoped that 
novel agents will be developed based on the molecular 
targets identified. While it is useful to stratify patients to 
the most appropriate therapeutic regimens based on their 
individual risk factors, the choice of therapy and the 
understanding of the biologic basis underiying these risk 
factors are currently limited. When novel, mechanism- 
based therapies become available, it will be essential to 
have the relevant molecular information for each tumor. 
One can envision the development of diagnosric 
microarrays containing aJi the essential genes, which 
have been selected based on knowledge gained from prior 
gene profiling studies. Every tumor could be examined 
by the relevant microarray at diagnosis, and the results 
would help to determine the appropriate therapeutic in- 
terventions. Comprehensive molecular tumor diagnos- 
tics and individu^ized treatment may become a reality 
in the not-too-distant future. 



IV. Why Do I Need to Know Tins? 
Implications of the New Bioixjgy of Lymphomas 
FOR CuNiCAL Practice 

Nancy Lee Harris, MD* 

Physicians who treat lymphoma patients are fond of re- 
calling the "good old days " when there were only four 
types of lymphoma: lymphosarcoma, reticulum cell sar- 
coma, follicular lymphoma, and Hodgkin*s disease. 
Many of my oncologist colleagues complain bitterly 
about the seemingly endless expansion of lymphoma 
subtypes and the mind-numbing complexity of nomen- 
clature in recent years. These same individuals, how- 
ever, seem to have no problem digesting and absorbing 
what seems to a pathologist like a bubbling cauldron 
containing an ever-changing alphabet soup of drug names 
and doses used to treat these same diseases. Why are 
two groups of supposedly intelligent scientists so inca- 
pable of understanding each other's language? The rea- 
son has nothing to do with intelligence: it's simply a 
matter of "'need to know," Pathologists need to sort and 
classify specimens according to some criteria that per- 
mit them to organize and leam a vast array of tumors. 
Oncologists need to understand the treatments they de- 
liver to patients in their care. Neither feels this sense of 
personal need when it comes to the other*s language. 

When pathologists and clinicians speak the same lan- 
guage, real advances can occur. Two examples illustrate 
the power of translation between the language of physi- 
cians who diagnose and classify malignancies and the 
language of those who treat them. In the i980s, a new 
category of lymphoma— derived from mucosa-associ- 
ated lymphoid tissue (MALT lymphoma)— was discov- 
ered by careful morphologic and immunophenotypic 
analysis.' This type of lymphoma, unlike any of the other 
known "low-grade" lymphomas with which it had been 
lumped, was shown by a pathologist in the 1990s to be 
related to an immune response to a bacterium — 
Helicobacter pylori.'^ This led to the discovery that many 
cases can apparently be cured simply by eradicating the 
infection with antibiotics.^'* Thus, a pathologist took a 
disease full circle, jfrom discovery to cure. In 1994, when 
the REAL classification was published (Table 5), it was 
criticized as a pathologists' game — a bunch of new dis- 
ease categories without proven clinical relevance.^ One 
oncologist who understood the language of pathology 
organized a worldwide clinical test of the classification, 
showing that it defined new diseases with distinctive 
clinical features and responses to treatments, thereby 
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Table 5, Lymphoid neoplasms in the REAL/WHO 
classification.^'^' 

B-cell Neoplas ms 

Precursor B-cell neoplasm 

• Preairsor B-lymphoblastic feukemia/lymphoma (precursor B- 
eel! acute (ymphoblasttc leukemia) 

Mature (peripheral) B-cell neoplasms** 

• Chronic lymphocytic ieukemla/B-ceH small lymphocytic 
lymphoma 

• B-cell prolymphocytic leukemia 

• Lj^phoplasmacytic lymphoma 

• Splenic marginal zone B-cefl lymphoma (^)^ic lymphoma 
with Villous lymphocytes) 

• Hairy cell leukemta 

» Plasma celimyeloma/Plasmacytoma 

• Extranodal marginal zone B-cell lymphoma (MALT lymphoma) 

• Nodal marginal zone B-cell lymphoma 

• Follicular lymphoma 

• Mantle cell lymphoma 

• Diffuse large B-cell lymphomas 
► Burkitt lymphoma/ieukemia 

T and NK-Cell Neoplasms 

PrecursorT-cel! lieoplasm 

• PrecursorTfymphoblastic leukemia/fymphoma (precursorT- 
cell acute iymphoblastic leukemia) 

• SlastcMd NK-celllymphoma 
Mature (peripherai)T-cell neoplasms 

• T-ceH prolymphocytic leukemia 

• T-cetl large granular lymphocytic leukemia 

• Ag^esslveNK-cetl leukemia 

• Adult T-oelt lymphoma/ieukemia (HTLVIh-) 

• Exlranodal HK/T^celJ lymphoma, nasal type 

• Enteropathy-typeT-celMymphwna 

• HepatosplenicT-cell lymphoma 

• Subcutaneous panmculitis-iikeT-cell lymphoma 

• Mycosis fungoides/Sezary syndrome 

• Primary cutaneous an^lastlc large cell lymphoma 

• Peripheral T-oeli lymphoma, not otherwise specified 

• AngioimmunoblasticT-ceil lymphoma 

• Primary systemic anaplastic large c^l lymphoma 

Hodgkin lymphoma (Hodgkin disease) 

• Modular lymphocyte inedomSnant Hodgkki lymphoma 

• Classical Hodgkin lymphoma 

Nodular sclerosis Hodgkin lymphoma (Grades 1 and 2) 
Lymphocyte-rich classical Hodgkin lymphoma 
Mixed cellularity Hodgkin lymphoma 
Lymphocyte depleted Htx^n lymi^oma 

andT/NK-cell neoplasms are grouped accorcfing to major 
clinical presentations (predomlnsmtly dissemmafed/leij^^ic, 
primary exlranodat^ predominantly nodal) 



convincing oncologists to accept it,'^ Thus, an oncolo- 
gist took a pathologic classification from theory to clini- 
cal practice. In the past two years, the gap between ba- 
sic science and clinical practice has been dramatically 
bridged by the discovery that the abnomaal protein pro- 
duced by the BCR/ABL translocation of chronic myel- 
ogenous leukemia could be inhibited by a specifically 
designed drug, resulting in remissions in many patients 
with this disease.^ This principle could be extended to 
some categories of lymphoma characterized by fusion 
proteins that activate tyrosine kinases, such as anaplas- 
tic large-ce]] lymphoma. These improvements in clini- 
cal practice could not occur without the combined ef- 
forts of pathologists and oncologists to define distinct 
categories of disease whose pathophysiology and genet- 
ics can then be studied as targets for therapy. 

One reason that hematologists who treat leukennias 
are interested in different disease subtypes and in classi- 
fication by genetics is that they can see in their own pa- 
tients how the clinical behavior of the disease is pre- 
dicted by these features and the advantages of tailoring 
their treatment to specific disease categories. For physi- 
cians who treat lymphomas, the clinical differences be- 
tween the most common diseases are easily appreci- 
ated — laj'ge B-cell lymphoma, follicular lymphoma, 
chronic lymphocytic leukemia (CLL), and Hodgkin's 
disease* Many of the more recently recognized diseases 
are also clinically distinctive — MALT lymphoma and 
mantle cell lymphoma are dramatically different from 
each other and from CLL/small lymphocytic lymphoma, 
and require totally different approaches to treatment. 
Peripheral T-cell lymphomas comprise many distinctive 
categories that differ from aggressive B-cell lymphomas. 
As practitioners begin to see patients with these diseases, 
their distinctive clinical features will provide a real-life 
rationale for learning these new disease categories. 

But most of these newer diseases are relatively un- 
common and comprise a minority of any oncologist's 
practice. Thus, recent studies of immunophenotype and 
genetics have resulted in defining new disease catego- 
ries that are distinctive but rare, and— paradoxically — 
not in defining clinically distinctive subsets or new ap- 
proaches to therapy for the common diseases such as 
large B-cell lymphoma and follicular lymphoma. Inter- 
estingly, however, one common disease — chronic lym- 
phocytic leukemia — has recently been found to comprise 
two genetically distinct subtypes: those without immu- 
noglobulin variable region gene mutations (nai ve or pre- 
genmna] center B cells) and those with mutated IgV re- 
gion genes dwst-germinal center or memory B cells).^ 
These two types of CLL have different clinical behav- 
ior, widi the cases corresponding to naive B cells having 
much shorter survival than the memory B cell cases. 
Further dissection of the more common diseases into 
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prognostically distinct groups, using new techniques such 
as microarray analysis of gene expression, will be a fo- 
cus of the next decade. 

In the meantime, understanding the relationship of 
lymphoid neoplasms to their norma] counterparts, the 
genetic events that lead to malignant transformation in 
lymphoid cells, and the novel technology of DNA 
microarray analysis are essential for practitioners in- 
volved in the care of patients with these diseases. 

B-cell Differentiation: Why do I need to kno\v this? 

The vast majority of lymphoid neoplasms seen by prac- 
titioners in the United States and Western Europe derive 
from B cells at various stages of differentiation and pos- 
sess many features of their normal counterpart (Table 
6). These features— including normal genetic events, 
gene expression, immunophenotype, morphology, hom- 
ing patterns, and proliferation fraction— in large part dic- 
tate the clinical behavior of these diseases. These bio- 
logical features of norma] B cells can help us under- 
stand many things about lymphomas (T^ble 7, Table 8; 
Figure 10, color page 546). 

Clinical features of lymphomas 

Who will get the disease? Typically patients vv'ith 
large pools of the normal cell type, in which neoplastic 
transformation can occur: for example, lymphoblastic 
neoplasms are more common in children who have large 
pools of precursor B cells; plasma cell myeloma is com- 
mon in older adults with large pools of post-germinal 
center antigen-exposed plasma cells; and marginal zone 



lymphomas are common in patients with autoimmune 
diseases and intestinal infections- 

How will the tmmr behave? Tumors corresponding 
to proliferating normal cells such as lymphobiasts and 
centroblasts tend to be rapidly growing and "aggressive " 
while those corresponding to resting stages, such as CLL/ 
SLL, tend to be indolent. 

Where will the tumor grow? Tumors of marrow-de- 
rived precursor cells become acute Jeukemla and those 
of marrow-homing plasma cells multiple myeloma; tu- 
mors of germinal center cells populate lymphoid follicles 

Table 6. Frequency of B ancJT-cell neoprasms \n the REAL 
classification. Data from reference 7. 



Diagnosis % of Total Cases 

Diffuse Large B-celt lymphoma 31% 

FoHicutar lymphoma 22% 

MALT lymphoma S% 

Mature T"Cetl lymphomas 

(except anaplastic large cell lymphoma) 8% 

Chronic lymphocytic leukemia/annall lymphocytic 

lymphoma 7% 

Mantle Cell Lymphoma 6% 

Mediastinal Large S-cell Lymphoma 2% 

Anaplastic Large Ceil Lymphoma 2% 

Burkm Lymphoma 2% 

Nodal Marginal Zone Lymphoma 2% 

PrecursorT Lymphoblastic 2% 

Lymphoplasmacytic Lymphoma 1 % 

Ottier types 7% 



Table a Immunophenoty pic and genetic features of common T-ceM neoplasms* 



Cytotoxic 



Neoplasm 


CD3(S;C) 


CD5 


CD7 


CP4 


CDS 


CD30 


TOR 




granule 


T-proljflTiphocytic leukemia 


+ 




+1+ 


+/- 


V+ 




op 






T-large granular lymphoproliferative disease 






+,+ 








ftp 


+r 




NK large granlular lymphoproiiferative disease 




















Extranodal NK/T-cell lymphoma 
















NA,+ 




HepatosplenicT-cell lymphoma 


+ 




+ 












+ 


Enteropathy'typeT-cell lymphoma 


+ 










+/- 






+ 


Mycosis fungoides 


+ 


■J- 
















Cutaneoiis anaplasfe large cell lymphoma 


+ 






+/- 






cxp 




»/+ 


Subcutaneous panniculttis-like Tcefl 


+ 




+ 






-/+ 




^+^ 


•f 


Per ipheralT-cell lymphoma, unspecified 






+/- 


+/- 




-/+ 






-/+ 


Angioimmunoblasdc 




+ 


+ 


+/- 


-/+ 




«|5 




NA 


Primary systemic anairiasllc 






NA 


-/+ 


'1^ 










iarge celi lymphoma 








op 




4- 



Abbrevialior^: R, rearranged: M, mutated; NK, natural killer cell; U, unmutated; O, ongoing mutations;TCR,T'Cetl receptw gene; !g. 
immunoglobulin; NA, notavailaNe 

Key: + - >90% positive; +/- = > 50% posiiive; -/+ = < 50% positive; - = < 10% positrve; Cytotoxic granule = TIA-1 , perforin, and/or ^ranzyme 
* Mutations in the Ig gene V region indicate exposure to s^tigen. 
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Table 7. Immunoph^otypic and genetic features of common B-cetl neoplasms 



Genetjc 



Immuno- 
globulin 



Neoplasm 


SIg; clg 


CD5 


CD10 


Bct6 


CD23 


CD43 


CD103 


Cydin D1 


CD 138 


Abnormality 


Genes* 


B-SLLyCLL 


4-;-/+ 


+ 


* 




+ 


+ 


* 






trisomy 12; 13q R.U(50%); 

M (50%) 


Lymphoptasmacytic 
lymphoma 




- 


- 














t(9;14); clel6(q23) 




Hairy cell leukemia 












+ 


++ 


+/- 




none known 


R.M 


Plasma cell myeloma 










- 




- 


-/+ 


+ 


t(4:14),t(6;14) 
t(14;16),t(1;14) 


R.M 


Splenic margrnai 
zone lymphoma 


+; -h 


















none known 


B,M 


Follicular lymphwna 










-/+ 










t(14;18);bcl*2 


R,M,0 


Mantle cell lymphoma 












+ 




+ 




t{11;14);bcM 


R.U 


MALT l^phoma 


+;+/- 








-/+ 










+3»t<11;18); 
API2/MLT1 


R,M,0 


Diffuse large 
B-cell lymphoma 


+/-;-/+ 






4-/- 


NA 


-/+ 


NA 






t{14;18),l(8;14) 
3q27; 

cMYC, BCL6 


R,M 


Burkilt lymphoma 








+ 






NA 






t(8;14), i(2;8}, 


R,M 



t{8;22); 
CMYC:EBV-/+ 



Abbreviations: R, rearranged; M, mutated; NK, natural kfller cetf; unmutated;0, ongoing mutafions; NA, not available 
Key: + = >90% positive; +/- = > 50% positive: ^ < 50% posllive; - = < 1 0% positive 



throughout the body, and tumors of MALT pop up in non-contiguous 
extranodal sites. 

How does the disease develop? The genetic events thai occur in B-cell 
differentiation J involving rearrangement and mutations of the immunoglobu- 
lin genes, provide the substrate for most of the genetic accidents that result in 
the development of B-cell neoplasms — ^translocations or mutations involv- 
ing the immunoglobulin gene loci. 



Table 8 continued 

Genetic 
EBV Abnormality 



T-Receptor 
Genes 



-/+ 

47" 



inv 14 +8 

none known 
none known 
none known 
i(7q){q10) 
none known 
None known 
none known 
none known 
inv 14; +8, complex 

K2;5); NFM/ALK 



R 
R 
G 
G 
R 
R 
R 
R 
R 
R 
R 



Classification and diagnosis 

Pathologists exploit the biological features of normal and neoplastic B cells 
for diagnosis: a combination of morphology, normal gene expression as rec- 
ognized by immunophenotype, genetic alterations such as receptor gene re- 
arrangement and mutation, and clinical features are used to define the lin- 
eage and differentiation stage of the tumor. Antigens differentially expressed 
at stages of lymphocyte differentiation and activation are essential for mod- 
em diagnosis and classification: these include pan-B and pan-T antigens, 
precursor-associated antigens such as TdT, antigens associated with naive B 
cells, such as CDS, the germinal center, such as CDIO and bcl6, or post- 
germinal center cells, such as CD38 and CD 138. Detection of immunoglo- 
bulin andT-cell receptor gene rearrangement by molecular genetic techniques 
such as Southern blot (which requires fresh tissue) and PGR {which can be 
done on paraffin-embedded tissue) can be a useful adjunct to morphology in 
distinguishing between atypical reactive processes and lymphomas, and for 
classifying difficult cases as T or B lineage neoplasms, (Since antigen-re- 
ceptor gene rearrangement is not always lineage specific nor an indication of 
neoplasia, these results must be inteipreted with caution.) The homing pat- 
terns of the normal cells are also exploited for diagnosis: an extranodal lym- 
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phoma witli plasmacydc differentiation is likely to be a 
MALT lymphoma, while a morphologically similar in- 
filtrate in the bone marrow would be more likely to be a 
lymphoplasmacytic lymphoma, associated with Walden- 
strom's macroglobulinemia. 

Understanding and developing treatments 
Oncologists exploit the biological features of lymphoid 
neoplasms to devise therapies — for example, tumors of 
rapidly proliferating cells typically respond to the cur- 
rent armamentarium of dmgs that interrupt DNA syn- 
thesis. Potentially, as with the MALT lymphoma story, a 
better understanding of the specific features that drive 
proliferation and survival of some of the other low-grade 
lymphomas may lead to additional novel therapies. For 
example, adherence to follicular dendritic cells and in- 
teraction with T cells through surface ligands and 
chemokines may be important for the survival of folli- 
cular lymphomas, as it is for normal germinal center cells 
— disrupting these interactions may have potential thera- 
peutic utility. Lymphoblasts, CLL cells, and myeloma 
cells all depend on interaction with marrow stromal cells, 
and investigation of these interactions may lead to new 
therapeutic options for these diseases. 

Molecular Genetics of Lymphomas: 
Why Do I Need to Know This? 

Most lymphoid neoplasms have genetic abnormalities. 
The discovery of specific translocations has been im- 
portant in defining certain diseases, such as Burkitt's 
lymphoma, follicular lymphoma, mantle cell lymphoma, 
and anaplastic large-cell lymphoma. Most others occur 
only in a subset of the cases of the disease or ai e not 
entirely specific for the disease — even the t(8;I4) of 
Burkitt's lymphoma and the t(14;18) of follicular lym- 
phoma may be found in large B~cell lymphoma, and the 
t(l 1;14) of mande cell lymphoma occurs in plasma cell 
myeloma. These genetic abnormalities can help us to 
understand the pathogenesis of lymphomas, they can help 
in disease defmition (classification) and diagnosis, and 
they can be exploited for treatment. 

Understanding pathogenesis 

Chromosomal translocations have provided important 
information about the pathogenesis of lymphomas; 
analysis of the genes involved in the breakpoints has 
shown that most involve genes associated with either 
proliferation or apoptosis. The vast majority of the trans- 
locations in lymphoid neoplasms involve placing a proto- 
oncogene under the control of a promotor associated with 
an antigen receptor gene — either one of the immuno- 
globulin genes or one of the T-cell receptor genes. A 
few lymphoid neoplasms have translocations that pro- 
duce fusion proteins, which are more characteristic of 



the myeloid leukemias. These translocations are thought 
to occur predominantly in precursor cells, as accidents 
in the normal rearrangement of antigen receptor genes. 
However, particularly in B cells, some of the transloca- 
tions may occur at the gennina] center stage, when the 
somatic mutation that occurs during affinity maturation 
introduces DNA strand breaks. Both the stage at which 
the translocation occurs and the specific translocation 
are probably important in determining the nature of the 
subsequent malignancy. 

Classification and diagnosis 

The discovery of specific translocations has helped to 
define distinct disease entities to add to classifications 
of lymphoid neoplasms — what the microarray people are 
now calling "class discovery." For example, investiga- 
tion of the t(l I ;14) showed that it was consistently asso- 
ciated with a small B-ce]l neoplasm that had been cat- 
egorized differently in different classifications or not 
recognized at all; this disease came to be known as mantle 
cell lymphoma and is now considered an important and 
clinically distinctive category of B-cell lymphomaJ*^-^' 
Similarly, the discovery of the t{2;5) in a subset of what 
was initially called "malignant histiocytosis" led to the 
recognition that it defined a clinically distinctive cat- 
egory of T-cell lymphoma, now known as anaplastic 
large-ceil lymphoma.^^-^^ When a lymphoma is associ- 
ated with a specific translocation, detection of the translo- 
cation can be useful in diagnosis of a specific patient — 
both for distinguishing lymphoma fi-om a benign lymphoid 
process and in making a specific lymphoma diagnosis — 
what the microarray people call ''class prediction." 

Translocations can be detected by genetic techniques 
— classical cytogenetics, Southern blot, or, increasingly, 
PGR analysis of paraffin-embedded tissue — but also by 
immunohistochemistry in many cases. An important 
consequence of many translocations is overexpression 
of a protein not ordinarily found in that cell type. Thus, 
rather than requiring genetic analysis, the genetic ab- 
normality can be detected by immunohistochemistry. For 
example, in follicular lymphoma, the differential diag- 
nosis often includes reactive lymphoid hyperplasia. Nor- 
mal germinal center cells down-regulate bcl2 protein to 
make them susceptible to apoptosis in negative selec- 
tion. Lymphomas with the t(14;l 8) atiABCLl rearrange- 
ment express this protein; thus, detection of bcI2 in a 
follicle is evidence that it is neoplastic^'* Bcl2 expres- 
sion in follicles can also be used to distinguish follicular 
lymphoma from MALT lymphoma with follicular colo- 
nization, in which normal bcl2-negative follicle center 
cells are typically present However, since normal rest- 
ing (non-germinal center) B cells and most small B-cell 
neoplasms express bcl2, its expression on the neoplastic 
cells is not useful in classification of small B-^ell neo- 
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plasms. In mantle cell lymphoma, the t(i];i4X results 
in overexpression of cyclin Dl, a cell-cycle protein not 
normally expressed in lymphoid cells. This protein can 
also be detected by immunohistochemistry and is useful 
in distinguishing mantle cell lymphoma from diffuse re- 
active lymphoid infiltrates and, more importantly, from 
other types of small B-cell lymphomas J The other 
major translocation associated with diagnosticaJly use- 
ful gene expression is the t(2;5) of anaplastic large-cell 
lymphoma, which results in expression of the ALK pro- 
tein, not normally expressed in lymphoid cells. This pro- 
tein can also be detected by immunohistochemistry and 
is essential for the diagnosis of ALCLJ''*^^ Finally, MALT 
lymphomas with the t(] ;14) can be recognized by their 
overexpression of bell 0 protein, which can be delected 
by immunohistochemistry; these cases may have a worse 
prognosis. In addition, cases with the t{] 1 ;18), about40% 
of gastric MALT lymphomas, also overexpress bcllO 
protein; this translocation is associated with failure to 
respond to antibiotic therapy^^^^ (Table 9). 

Detection of genetic abnormalities by genetic tech- 
niques remains an essential diagnostic tool in many situ- 
ations. In this era of gene expression profiling, it is im- 
portant to remember that detection of specific genetic 
abnormalities may provide important diagnostic and 
clinical infonnation above and beyond that provided by 
analysis of mRNA or protein. Many translocations do 
not result in abnormal protein expression that is diag- 
nostically useful. The c-MYC/Ig translocation of Burkitt 
lymphoma leads to MYC overexpression, but the pro- 
tein is expressed in many normal cells and in lympho- 
mas lacking the translocation, so is not diagnostically 
useful Similarly, BCL6 and PAX-5 translocations lead 
to overexpression of the corresponding protein, but many 
B cells without the translocation normally express these 
proteins. Other abnormalities such as trisomies and de- 
letions have not yet been associated with specific genes 
or proteins that can be exploited for diagnosis. In addi- 
tion, genetic techniques to detect translocations associ- 
ated with specific protein expression can be useful in 
diagnosis in some cases. For example, since normal rest- 



ing B cells and neoplasms derived from them typically 
express bcl2, expression of bcl2 protein on neoplastic 
cells is not useful in classification - virtually all small 
B-cell lymphomas will express it, whether or not they 
have a t(14;18).22 Detection of cyclin DJ by immuno- 
histochemistry is not always reliable and cannot be used 
on some types of specimens. In all of these situations, 
detection of the genetic abnormality by classical cyto- 
genetics, FISH, Southern blot or PGR on paraffin-em- 
bedded tissue is useful both in confirming the neoplastic 
nature of a lymphoid proliferation and in subclassifica- 
tion of a lymphoid neoplasm. 

Staging and prognosis 

Genetic abnormalities can also be exploited in staging 
and in detection of minimal residual disease; for example, 
PGR for the t(14;18)/BCL2 rearrangement is used in 
follow-up of patients undergoing bone marrow transplant 
for follicular lymphoma, and immunostaining or FISH 
for cyclin Dl/BCLl rearrangement can be used to fol- 
low patients with mantle cell lymphoma. T\imor-specific 
probes for rearranged immunoglobulin genes have also 
been used to detect minimal residual disease in B-cell 
lymphoma patients. 

Genetic abnormalities may also affect prognosis and 
can be used to identify patients with dijffering expecta- 
tions of outcome. These include trisomy 12 and abnor- 
malities of 1 3q in CLL, which confer a worse and better 
prognosis respectively, t(ll;18) in gastric MALT lym« 
phoma, which is associated with a decreased likelihood 
of response to antibiotic therapy and with a decreased 
frequency of transformation to large-cell lymphoma, 
and the t(2;5) in ALCL, which is associated with a good 
prognosis- 

Developing new therapies 

Finally, the future hope is that some of these genetic 
abnormalities can be exploited for the development of 
new therapies, analogous to the STI571 story in CML. 
Anti sense oligonucleotides to anti-apoptosis genes such 
as BCL2, drugs that target fusion proteins such as NPM/ 



Table 9. Genetic abnormalities in lymphc^d neoplasms assocfated with diagnostfcaiJy useftjl protein expression. 



Protern 
Translocation Expression 



Distribution 



Utility 



t{14;1S) 
t(11;14) 

t(2;5) 

t(1;14)or 
t(1i;1S) 



Bd2 

Cyclin D1 



ALK (anaplastic 
lymphwna kinase) 

Bd10 



Germinal centers - 
Rriiicx^ar lymphoma + 

Mantle cell lymphoma (all) 
Hairy ceH leukemia (some) 
Plasma cell myeloma (some) 

Anaplastic large-cell lymphoma (most) ALCL vs other lymphomas; prognosis of ALCL 



Reactive vs neoplastic foliictes 

Mamie cell lymphoma vs other lymphomas or reactive process 



MALT tjflnnphomas unresponsive 
to Heficobacter pylori maa\ca^of\ 



Prognosis/response predictiort of MALI lymphomas 
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ALK or APi2/MLT] , or drugs that inhibit cell cycle pro- 
teins such as cyclin DI are all possible areas to explore 
for new treatments of these diseases. 

DNA Microarray Analysis: 

Why Do I Need to Know This? 
DNA microarray analysis is essentially a way of fishing 
for infornnation that would take much longer if we looked 
for one gene at a time. The information is only as good 
as the selection of DNA to place on the array and the 
choice of software to analyze the resulting data.^^-"^ Like 
most new techniques — cytogenetics in the 1960s, 
immunophenotyping in the 1970s and 1980s and mo- 
lecular genetic analysis in the 1980s and 1990s — it is 
exciting and seemingly unlimited in its potential to revo^ 
lutionize the diagnosis and classification of tumors and 
define prognosis for individual patients. But as with all 
technical breakthroughs that preceded it, we have to do 
our homework with this technology to really find out 
what it can do for us. Practicing oncologists need to un- 
derstand this technology for the following reasons: 1 . to 
have a sense of its potential, 2. to know its limitations, 
and 3. to know how it fits with other diagnostic and prog- 
nostic tools. I will focus here on its practical limitations 
and how it can dovetail with other techniques. 

Classification and diagnosis 

Proponents of DNA microarray technology now look 
forward to a purely genetic classification of lymphoid 
neoplasms, much in the way that we optimistically spoke 
of a classification based purely on monoclonal antibod- 
ies in the 1980s- Previous experience would suggest that 
diseases will continue to be defined by a combination of 
parameters, including genetic features {both normal 
changes related to lineage and differentiation and ab- 
normal changes related to u-anslocations and other al- 
terations), changes in gene expression as detected by 
protein expression (immunophenotyping), and clinical 
features. Microarray analysis is simply a technical 
method for studying the expression of many genes at 
once at the messenger RNA level. 

For disease definition (class discovery), one would 
theoretically put as many genes as possible on a chip 
and compare expression among unknown samples of tu- 
mors, using statistical analysis to identify tumors with 
similar expression patterns followed by clinical obser- 
vation to see whether the categories thus defined were 
distinctive. Obviously, this approach contains many 
moving targets, including the choice of genes to study, 
the purity of the original specimens^ the treatments given 
to the patients, and the endpoint for deciding what clini- 
cal differences are important. For this reason, most 
microarray studies to date have focused more on diag- 
nosis (class prediction) and prognosis (a more restricted 



form of class discovery) in a defined subgroup of cases. 
As reported by Dr. Chan, several studies of lymphomas 
and leukemias have shown that microarray analysis can 
classify most cases of leukemia and lymphoma into pre- 
viously defined categories based on expression of genes 
known to be associated with lineage and differentiation 
stage,^^ and that within one major category — large B- 
cell lymphoma — ^prognostic groups can be defined.^*^ 

How will this be used in practice? 
If combinations of genes asscK^iated with particular dis- 
eases or prognostic groups can be identified and placed 
on a chip, there is the potential for rapid screening of 
patient specimens for diagnosis and prognosis. In real- 
ity, the ability to do this effectively in routine practice is 
probably at least 5 and possibly more years in the fu- 
ture. A more immediate potential is for studies already 
underway to reveaJ novel genes associated with prog- 
nostically important categories that can be assessed in 
individual specimens by traditional methods. The prod- 
uct of an expressed gene is a protein, and overexpression 
of normal proteins or expression of abnormal proteins 
can be readily assessed by immunofluorescence or im- 
munohistochemistry. Many of the genes associated with 
the germinal center and non-germinal center categories 
of Alizadeh and associates were already known and can 
be studied by immunohistochemistry — these include 
C01O, BCL6 and BCL2.^* Other genes associated with 
these two prognostically important groups have not been 
studied and should be the focus of future research. 

Even more traditionally, we should remember that • 
morphology is an important manifestation of gene ex- 
pression. Traditional morphology defined the same two 
prognostically distinct categories of large B-cell lym- 
phoma in 1974 that were rediscovered by microarray 
analysis in 20001 Pathologists* eyes can be trained and 
our vision refined by looking at slides of cases that have 
been shown by novel techniques to have a particular 
characteristic. The recognition of anaplastic large-cell 
lymphoma, for example, was stimulated by staining for 
CD30 (Ki-1) and the discovery that cases that showed 
strong staining had a common and characteristic mor- 
phology.^^ The recognition of lymphocyte-rich classical 
Hodgkin's lymphoma followed immunostaining of a 
large group of cases previously diagnosed as lympho- 
cyte predominant type for antigens associated with clas- 
sical Hodgkin's lymphoma (CD15 and CD30) - this cat- 
egory can now be recognize by morphology by the same 
pathologists who were unable to "see" it before the 
study,^*-^^ Pathologists have long debated the feasibility 
and clinical relevance of morphologic subclassification 
of large B-cell lymphoma into germinal center (centro- 
blastic) and non-germinal center (imraunoblastic) types, 
as prescribed by the Kiel aassification.^*^ Possibly mor- 
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Table 1 0* Algorithm for using special techniques in lymphoma 
diagnosis. 

A. iVlorphology: Smail lymphoid cells 

1, Benign vs malignant 

•Immunoglobulin Ifght chains (kappa and lambda) 

*Bcl2 protein in follicles 

Kappa/lambda polyclonal or Bct2- follicles s=Reactlve 

Kappalambda monocionat or Bcl2+ follicles - Small 
B-celi lymphoma 

2. ClassificaUon of Small B-cell Neoplasms 
CD5+: CLL/SLL vs manlle cell lymphoma 

^Cydln D1-, dim stg, CD234- ^ CLL/SLL 

*Cydln D1+, bright slg, CD23- Mantle cell l)miphoma 

CD6-: FoDtcular lymphoma vs terginal zone lymjirfioma 
(MALT) 

GDI 0+ Follicuiar lymphoma 

GDI 0- = Marginal zone lymphoma vs CD1 0- foliicular 

lymphoma 

Bcie-f , CD43-» *Bcl2+ follicles = follicular lymphoma 

Bd6-, CD43+, Bcl2-follldes = marginal zone 
lymphoma 

B. Morphology: Large lymphoid cells 

1 . Lymphoma vs nonlymphoid tumor 

CD45 (leukocyte common antigen), pan- B and pan-T- 
cell antigens,'' immunoglobulin light chains, cytokeratin, 
melanoma markers 

2. Subclasslf ication of medium-sized and large cell lympho 

mas 

Pan-B antigens {CD20, CD79a)+ ^ B-cbW lymphoma 
lg+ ^ mature B-cell lymphoma (DLBCL vs Burkitl) 

CD10+ bcl2- Kj67 >99% ^ favors Burkitt 

GDI 0» bcl2+ Ki67 <90% =^ favors DIBGL 
Ig- = mature B-cell vs lymphobias^c 

TdT+ CD1 0+ = precursor B-lymphoblaslIc 

TdT-CD10-/+=DLBCL 

Pan-T antigens -f {CD3, GD2, CD45RO) ;=T/NK-cell 
lymphoma 

TdT+ = preci^sorT-lymphoblastic 

TdT- = mature T/NK-cell lymp^wna 

CD21-f FDC, CD10+- angioimmunot^StioT-cell 
lymphoma 

CD30+ AlK-i- - anaplastic large cell lymphoma 

*Can be detected by gene expression (immunophenotype) or gene 
rearrangement (gene^ techniques) 

Abbreviations: CLL/SLL, chronic lymphocytic leukemia/small 
iymphocyttc lymphoma; MALT, mucosa associated lymphoid tissue; 
ig, ImmunoglDbulin; DLBCU diffuse iarge B-celtlymphoma; MK, 
natural kiiler ceH;TdT, terminal deoxynucleotidy^ transferase; ALK, 
anaplastic lymphoma kinase. 



phologic review of cases shown by gene expression to 
fall into one or the other category will reveal previously 
unappreciated morphologic features that will permit them 
to be reproducibly diagnosed by morphology alone. 

It is entirely possible — ^and maybe desirable — that 
in the future all lympliomas will be diagnosed simply by 
doing a fine needJe aspirate, extracting RNA or protein 
and subjecting the product to high throughput genomic 
or proteomic analysis, which will distinguish benign from 
malignant infiltrates, lymphomas from other neoplasms, 
and stratify lymphomas and other tumors into specific 
categories for therapy. Until then, using the information 
generated by research using these techniques to improve 
traditional diagnostic methods may yield immediate ben- 
efit for patients (Table 10). 
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Wc compared the $riepuvidia-petoudjtse conjiiiate (SP> 
mevhod of ui9j»uRop«rox]da»e histodiembtty to the uob- 
beted antStodf \^AP) and avkin4>kmn"pcfe«da8e wn- 
plcx {ABC} (edmiquei in hwam colonaal catciaooa tis* 

stattifid vUb 9 moaocipnal smdbodf for ecptessioji of 
carcmoembrionJc aad^ii. Coinpattd to the ABC and ?AP 
tnechods^ the SP method psoduc^ $troikget stsdaht mteii- 

9fid ver^ low Indcgtound seablog* This vm tnie when 
at}t«t aodbody Isotypet, other antibody specaef» other or- 
$uis, and another tumot-associaccd wdg/en weie used. 



Monweti the ptocedate tame could be itduod to one 
third that of the A3C ot PAP otethods without comptoous- 
b( aocDiacft aod the SP toifenc ostable Ibr se^^ 
The chentuod aanue of the sttepnntfiii ntokcule Bc«ount$, 
m large ftttti for ih« advama^ of the SP method. 
Histodiem Cytodkem 363t7-B2Z, 19S8) 
KEY m9li>Si Stre{>itvidin-pcnHddase: Avidln-biotln complac; Per* 
o»d««:*^*per<i9ekHse; Inununoperoxldasc; CaicUiocmbfyomc an* 
ti^eiK Colorectal c»dnonn. 



Introduction 

The cwo immuncipcroiddast methods that hm cn^joyed the widest 
appiicajion irt immunohistochcmistty arc the untabclcd antibody 
{PAP) mcibtxl (6) jtnij the jtvidin-biotin-pcroddasc complex (ABC) 
technique ( 5), Some studies report the superiority of ABC over PAP 
(4,^), whereas others have found che opposite (7). 

Recently astreptavidin-peroxidasetonjugsite (SP) has been In- 
(todaced. Like U)c conventional egg whitc*dei{ved avtdinf 5tfep<^ 
tavidin, derived from the soil bacterium Ssrvptomym mdimL l»s 
high affmity and four binding sites for biotto. However^ in con- 
trast to avidb, strepuvidin b non^ycosylated and i$ uncharged 
at neutral pH, «o that a potential advantage of diis substatue wouM 
be its lack of norkspecific binding to tissues {\\ lb ase» the poten- 
tial application of streptavidin to immunohetochemfstry, we com- 
pared the pnrfoiouuice of ascicpiavidin-'peiowdase conjugate (SP) 
CO that of die ABC and PAP reagents En human cobiectat cancer 
tissues. 

Materials and Methods 

Ti««e*, Surgical specimens of primaiy colorectal carcinoma were ob- 
tained fioRi 13 pBdeitcs. Eight specimeti^ were moderately weA or well 
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diflEtrentiated ibe were poorly dtilerentiaied* and one was a mucinous 
<colh)id^type)caiviRoma. Alt were fixed in 10% formaJin and embedded 
in paraffin. Serial sections ^ ttm duck were mounted on glass slides uung 
gelatin at an adheave leagenr. Each jdide was then heated In an oven at 
60'C for ! hr. 

Heagentt. Mo\isc roonoclonai ami-CE A anti body (Mab CEA) (Zymcd 
Cat. 100) was developed against C3SA puiiHed ftom a human colon 
cancer Ihermecasiaiu;. HfitosUin*SP(Cai. provided in a Idt with 

biotinylaiediabfaUami'mouselgO •*■ IgA + Igfcl and nrepcaWdirt-per* 
oxidase eonlogate was obtained from ^med Laboratoilcf (South Ssn Pran* 
eiwo. CA). The ABCicandBtd kit (Car. #PK<-4O0O) was obtained from Vcc' 
tor Labomodes (Burfingame^ CA), and mouse PAP (Cat. #jl05P) was 
obtained from Immunon (Uroy, M]), Other antibodies used in d>i$ study 
included mouse monoclonal antibodies to p^human chorionic gpnadotropin 
0-HCO) and prosTate-*|)ecific su)tigen (Z^ed), Thorascn-Fticdentcich 
antigen (Chembiomed Lrd; Edntonton, Canada), goat anti -hepatitis B ^ur- 
jace antigen (HB$Ag), and rabbit anti-h^atitis Bcote antlgen(D3ko; Sanra 
Barbara, CA> The buffer tued waf PBS, pH 7.4. 

SiabdngPKKedttiet. '£d>te X {nimmarites die steps mvolvrd die three 
immunobinocbemlcflJ techniquer. Foreath method* checkerboard analy- 
>is waf petlbtmed with both the pdmary and lecofidary antibody to deter- 
mine dke (uittbody dilution dtM resulted in maadnvd staining intensity. 
Thut, for the primary antibody, a dikition of IHOO was used for the PAP 
meihod and i:}0 was used for the ABC attd SP methods. Atl steps in each 
proceduie were peiformed at room temperantte. Slides were washed three 
times in PBS after steps U 3, 4* and Step 2 was followed by shaking off 
excess 10% normal rabbit serum, and step 6 was foltowcd by washing in 
tap water. The incubation time of rtep d was rigidly controlled at !^ min 
for A£C and 5 min for DAB. Because preliminary expetiments demon* 
srrated no diStrence in the staining pattern between A£C or DAB, DAB 
was used for aU thtee immunobisrochemlcal methods. 
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Table I. Staining procedures of three immum^tonhmkiti methods 


PAP 


ABC 






Sxtp L 5% hydro^n {xioxtde 
Sicf> 2. 10% nontia! rabbit sctum 
Step 3, Mofiocbnal »fl«'C£A i:iOO* 
Sttp 4. Rabbit anii-iti£>u5c IgG 

Sicp 5. PAP Complex {immuROD)^ 

Srep Amina^cthyl carbaLZole (A£C) 
«r dntnutiQbcnKiijtfie (i>AB) 


hydcogeo penwide 
10^ norniiU rabbit scmm 
Monodonaf afiti-CBA I'SCK 

Biofmybtcd i^bbSt 

ABC compltjc (Vcaor)* 

AEC 
Of DAB 


3% hydiogcn pctoxMt 
10% Romtal nbbit «emm 
Moftodonsil anii-CBA V^Vf 
Biotinylatcd tRbbit 
anti-mo«4c IgG+A+M IIJO 

(10 ^j^ml) (Zymcd) 
A£C 
or DAB 


5{r 

y (AJBC) 
y (OAB> 



* The dMiubft «u detciniM Ir <becbilioara prdcedore. TTk dButkms indictted heif vt diose die opuiniiJ ndn!n« intcwfry with tadi <^ihc thne methods. 

^ Omnnrnttoti tnd {uepuatioft wcie unfed oiw u voirgcftdl by fnanufumien. 



Cofluob. Posirive comrots wete performed by ^multuktwsly ^taintng 
one cobn eucinoma specimen which «fas knovfl to be CBA-poskiw. Seir- 
eni n^uve controk vete used. As a negative and|en comio!, li^ifnens 
weie stained wjrh snttbcdy a^fl« P-HCG, NcGacne <onciob for pfiniuy 
antibody jitcluded sttbsUcuting (»B^e<l mouse tgG in the »me concen- 
tntion as Mab CEA or oroKtiitg Mab CHA and mcubsitfng only with 
nofjttat rabbit sczum. f n addictoru PBS vns subMitutcd for prnnaiy or sec- 
ondary amtbody. Ali of these neg;ftt»e contfol methods invariably produced 
negative tesulu In colon cancer tissues. 

Soofliif . Alt tildes were coded lo blitid the mtetpietef to the staining 
method 9nd antibody dilution used. Eadi ilide was scofed ateoidbg to 
(he pcrcci^cage of positively stsiited malignam glands, as well at the «am- 
mg imemlty. Staimng intensity wa$ gtaded asi (0) no staining. {1+} weak. 
(^4>) modetatc, and (5+) strong staining. In pilot sntdies, two indepen- 
dent obscrv»$ SHI) blindly imcipreted staining iniensiiies and pet' 
centage of positively sraincd malignant gbnds with close approximation. 
FucthemtDfe, blinded scoiitig of slides by thc^ame ob$entr(ZR5) m three 
separate occasions varied ontyminimaSty in staining mtensiiy and less than 
f % in pencenTftge of poritive nialtgnvnt glands. 



Results 

Ait X% specimens of colomuJ adcfiocsucisioma otpttssed CEA. How- 
ever, on m ease-by-casc basis, di£feieiKcs benteQ the thicc methods 
wece clcftriy ofidem (Iblc 2}. The SF method consistcmty pto» 
ductd the 5irottgcst staining intensity and tht grcarcst pciccntftge 
of posiclvely stained maligtisnt glands (Figure 1). In contest, the 
BAF method mvariably gave the isrcalccst raining imetisity; only 
one case exhibited strong intensity, and two cases wcrv completely 
negative. With the ABC methods staitiiog intensity and percent- 
age of posicive glands were intetmediate between the other two 
methods, Hiis per^Dmunce pattern applied to all specimens legaid- 
less of the degree of differentiation (lable 2), 

To actmatc the relative seiuiiwitics of the three tncthods» pri- 
mary antibody was seriaily diluted and each case was le-'Staincd with 
the ABC and SP method to determine the maximal dilution that 
produced equivalent siaimng intensities by all chi^e approaches 
(ISkble i\ Tlie two cases chat were negative by PAP w«ce not in- 



Tattfe Z, CcmparnQft i>f imemity ofCBA staining irt ^o/oiwtid adenocminoma times 



CMC W>. 


Trpe* 


PAP 




ABC 




SP 
iDKMSttr 




I. 


Well 


1-24. 


88 




too 


3 + 


100 




Mod 4- weH 




86 


1-3 


100 


3 + 


100 


3. 


Mod 




62 


2* 


92 


3 + 


100 


4. 


Mod well 




90 


2+ 


93 


J+ 


100 


5. 




t"5 + 


96 


2-34^ 


100 




100 


6. 


Mod + wdl 


1-2+ 


%9 


1-3 + 


93 


3+ 


too 


7. 


Mod + well 


t + 


91 




97 


2-3 + 


m 


8. 


Well 


2+ 




2^ 




3 + 


100 




Poorly ♦ mod 


14- 


78 


1^2 + 


ft* 


2-3 + 


94 


to. 


Poot^ ^ mod 


14- 


79 


1**2 + 


84 


1-3 + 


93 


n. 


Poor^ 
Pooily 


U 


52 


1-2-^ 


n 


E»J + 


B£ 


n. 


1 + 


30 


1^2 + 


42 


1-2 + 


63 


\y 


Poofly 




D 


\^ 


20 


1-2 ♦ 


53 




Poorly 




0 


\* 






40 




Cotlotd 


1 + 


53 


I* 


n 


M + 


91 



' Type differemiaiiiut of folofemt nknociidiiomt. 
^ Pcicenta^ «f ma^imni gtinds th» «ttin«d poiitively. 
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R9uf6 t. WetKJiftorei^iatwi colon cafci- 
noma swirtwj with mofwdona? snti-CEA 
using Iftfl SP {A), ABC (B), aft<f PAP (C) 
n»th{Kf8. N(A« ihv B^or stelntnjilRlensliy 
o! SP wmpsrwi to ABC and PAR e«f * 80 

Bgyre 2. Colonic tf99ue sdjecom to CftrcJ* 
noraa tntiUbfttwJ with sIraptavldln-pfffOKl' 
coftjiffiate (A) Bn4 avtdin^roxldiw 
conjuQBto (ft) In it^ntlcal concentrations. 
Note tha hish background m\Ti\fi^ ot con- 
nwtivft timw and bh»d v»a»al$ u^ing 
ttv1d}n-pan«kf«sa. Bar « ZIO urn. 

Fisqra 3. Chtronic hsiwtiti» ti$8ua tttalnad 
wilt 9oat Rntl'HSsAQ u»lngtlia €P (A)^ A6C 
(BKand PAP (0) m«th«^ MomhepalOGylM 
are smf n«d with qn^mr \mn^tf MBlAg the 
SP methodr 8«r •> 60 ttnit. 




eluded in this analyiiU, ^ ihcy wccc i^oi able K»be compsticd On 
thi; basis, we estimated that the ABCmcthodm vp to four times 
moie sen$tiive than PAP. and SP in mt(t was fcnir n> dehi times 
and c^hi to sixteen times mow smttive than ABCanti n\P, tcspec- 
tivcly. 

The SP method had two Other advantages over the ABC ap* 
pfoach. Bfst, background staining with SP wamdi less than with 
ABC. This imprcmrment fspiobabiy a^iin«ic»liofte«tieptavidin, 
because when wt compared background staining usixtg an avldin- 
pcroxtdasc conjugate to that of the SP tonjugaic, avklin-peioxi' 
dist produced tinicceptabie background {Figure 2}. Second, the 
total incubation time using the SP method can be significantly' 



shortened if ftetcssary. Incubation with SP (step 5, lablc I) can 
be performed for $-10 mm instead of 30 min, and if the conccn* 
ttations of pr«iury and secondary antibody are increased^ steps 3 
and 4 can each be reduced from 50 min to 10 min. with the same 
can^em fesijli& In cqntrast, ut^ra^i to increase the concenrra^ 
tiofi of antibodies in the ABC method reacted m unacceptai^ 
high bad^gfound staining. 

We considered the po$sil»]ity that the superior performance of 
the SP mirthod might be a function of the antigen we were detect- 
ings the monocbnal antibody i50typc{IgG)t the species of the pri- 
mary antibody, or perhaps the type of tissue being cxaniined. How^ 
ever« these factors do not appear to be irtfluenclng the results, based 
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Table 3. Comparison of smsiUvity of ABC, PAP, and SP techmqu^t 



PAP ABC 

Can No, Tipc . PBwwa 





Ditun'oo 














1*100 


3 + 






i^2 + 


t:2Q0 


3 + 


0-2 + 




1-2 + 


i:4oo 


1-3* 






0-2 ♦ 


1:800* 


l"2 + 








1:1600^ 


0-2 + 








tuoo 


3 + 




ifloo 


2-5 + 


1:200 


3 + 




i:20Q 


1-2 + 


1:400* 


2-5 + 






0"2 + 


!:800 


t»»2 + 










0-2 + 








i:t00 


3 + 




noO 


0-2 + 


r.2oo 


3 + 


0*1 + 


11200 


0-2 + 


j:40O 


1-2 + 




r4oo 


0-1 + 




0-2 + 










0"! + 








1:100 


5+ 






0-2 + 


1:200 


+ 


0-2 + 


1:200 


0-2 + 


1:400 


1-2 + 




IMOO 


0-1 + 


i:«xK> 


0-2 + 








t:t£oo 


0-2 + 








l:ioo 


3 + 




iUOO 




1:200 


3 + 


0-5 + 


i:zOO 


0-J + 


1:400* 


2-3 + 




1:400 




itsoo* 


1-3 + 








i:i6oo 


M + 








1:100 


2-3* 




I'm 


0-5 + 


1:20a 


V3 + 


0-2 + 


1:200 


0-2 + 


1:400* 


0-3 + 






0-2 + 


i:800^ 


0-2 + 








i:i600 


0-2 + 








1:100 


2-3 + 




1:100 


0-2 + 


1:200 


1-3 + 


0-1 + 


1:200 


0-1 + 


1:400* 


0-2 + 




i;4Q0 


0-1 + 


i:800 


0-2 + 








i:i«oo» 


0-1 + 



Well diffd 1:100 



Mod. + Well 1:100 



Mod. t:ioo 



Mod. + Well 1:100 



1:100 



Mod, + Well i:w» 



Mod. + Wt» KIQO 



on ihe tollowing ob$ctvati(Hu: u$iDg a mouse IgM monoclonal aft* 
cibody against ano^cr colon cancel-associated antigen* tht Thom'* 
scft-Frc»dc««cK ^i\%tn (T ag), wc stiil observed greater staioing 
intensity by SP compared to ABC in scvcta) of dicsc same spcci- 
nnens. In addidon, wc stained three specimens of dinmic ylial hcp^ 
atitis tissue with a rabbit antibody to the hepatitis B vims core an- 
tigen and a goat antibody to hepatitis B surface antigen, and found 
that the number of hcpatocyres and the staining intensity per he^ 
patocyte was agsun greatet with the SP method than with ABC and 
FAP (Bgure 3)* Fuithennorc, we stained cwo cases of human ptos- 
tact tissue wid) a mouse IgG monoclonal antibody against prostate- 
specific antigen and found superior iCMntng w»th die $P method 
as compared to ABC or FAP. 

Discussion 

The present smdy indicates chat in fonmalin^iiKcd pand]Ein-em* 
bedded tissues, immunoperoxtdase htstxxhemjstry using pctosd- 



diee*coniugated strepcavidtn gives results that are superior to ei- 
ther the ABC or PAP method. Several advantages of the SP method 
wese noted. First, using antibody dilutions that provided optimal 
staining by each method, the staining intensity and percentage of 
stained cancer ccQs was greater with SR Because this increase 
in sensitivity, we were able to reduce the concentration of primary 
antibody several^fold and still obt^ the staining intensity that 
was equivalent to the other two methods. Second* the SP method 
produced considerably less background staining than the ABC 
mediod. Third, by increasing the concentration of primary and sec- 
ondary antibody, the total procedure time using $P could be re- 
duced to one thizd the duration of the ABC and PAP methods. 
Finally, unlike the ABC reagents which muse be muted fiesh be* 
fbte each use. reconstituted and diluted SP working solution can 
be stored at 4*C for 2*3 months. 

The superiority of the SP method over ABC and PAP was also 
demonsEiabk by: (a) tmng smother monoclonal antibody against 
a diffeient tumot-associatcd antigim on the same coioo cancer ve^ 
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Cue No. 



FA? 



ABC 



— 








ijitcnnty 








t^ioo 


3 + 






1-2 + 


i^2C0 


2-> + 






0-2 + 


I '400 






i:4O0 


0-1 + 


I '800* 


1-2 + 








t ' *Wvv 










UlOO 


0-3 + 




moo 


0-2 + 




0-2 + 


0-1 + 




0-1 + 


1:400 


0-2 + 




t:4oo 


0-1 + 


1:900* 


0-1 + 










w-l + 








t:too 


o-i + 




i:iw 


0«J + 


1:200 


0"5* 


0-1 + 


1:300 


0-1 + 


1:400* 


0-2 + 






o^s ^ 


i:«oo* 


0-1 + 








i:i600 


0-1 + 








1:100 


0-} + 




KIOO 


0-2 + 


1:200 


0*5 + 


0-14. 


1:200 


0-1 + 


1:400' 


0-2 + 




1:400 


0-1 ♦ 


i:aoo* 


o«t + 








i:i£oo 


O-I + 








1:100 


0-J + 




1:100 


0-2 + 




0-J* 




1:200 


0-1 + 


IMOO* 


0-2* 




IMOO 


0-1 + 


j:800* 


0-1 + 








i:t6oo 


0-1 + 








1:100 


0-3 + 




KIOO 


o-t + 


1:200 


0-2 + 




n2oo 


0-1 + 


j:4oo*'^ 


0-1 + 




11400 


H 


1:900 


0-1 + 










0-1* 



Well 



1:100 



Poof}^ t Mod. 1:100 



10. 



II, 



112. 



Poofty + Mod. 



Poorly 



Poorly 



Cottoid 



1:100 



1:100 



trioo 



1:100 



^ DHutson af Mab CEA prcKlvcmf ihe izmc imer»itr as i:t09 dilution of Mab CBA in ABC medtod. 
^ Dilurion of M«b CEA pioducing the fame mtennty ss PAP i«dmiqwr. 



suc$; (b) using primary amibodic$of orherisoiyrpcsor^ptcift!^ and 
(c) using rwD other cpichcjial tissues (liwr, prostate). Although these 
ofoservattofls support the utUhy of SP for broader applicaiiofl to 
immunohmochcmistry in general, the peifomiaitce of this leagem 
needs co be further substantiated using other types of ilssueSi other 
antibodies » and other types of fixation. 

The impR>ved scaining with SF conjugate compared to ABC 
probably relates to the chemical propcfiics of stieptavidtn^ Streps 
tavidin is a nonglycosylatcd protein^ whereas avidlfi contairu about 
7 % carbohydrate (2), a ttait that might predispose the latter mole* 
cuk to interact with endogenous lectin-liix substances in tissues. 
In addidoa, because the isoelectric point {pi) of avidin is 10, whereas 
that ofstt^tavidin is 5,5-^,5 (2), at the neutral pH of the staining 
solution strcptavfdin will be uncharged, whereas avidin will have 
a net positive charge and will be more likely to bind nans|iecifi> 
calty CO charged fnacromoiccu{e> m the tissues. As shown in Figure 
2, 2 direct avidin-peri»cida5ei:on)i%ate, used in aismiilareoncen* 



ttation as sttcptavidin-peroxidase conjugate, produced a much 
higher background staining. 

Why should the SP method produce wronger staining intensity 
than the A8C approach? One possibilicy is the difTerence in chem- 
ical ptopertief: between streptavidln and avidin just mentioned; 
the former pzoduces less background staining and a higher signal^ 
to'ftotse ratio. In addition, the !ower signal obtained with the ABC 
reagent may be due to rfte fonnarion of a lattice-like polymcriza* 
tion of avidin with blotin-pcroxidase molecules (^X resulting b 
stenc hindnnce and preventing optimal detection of antigen (7). 
^ used stfcptavldin directly conjugated to peroxidase and not a 
snMpuwidin-biotin-peioxtdase complex (SABC) to avoid the pos* 
slbi^Qf polinscrizatioft andstertc hindrance. Pitliminary experi- 
ments supported this ap{^roach, since we noted ^at SABC solu- 
tion, used in a similar concencmfion and ratio as ABC* also showed 
ft weaker si^Hniiig inteosky u compated to the SP method. The 
rmpnnwd staking intensity ^ the SP method is not likely to 
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be a result dfcnhanccd iatet^tion of sxrcpuvtdin with biodfl» since 
both avtdm sutd sercf^tftvldin have 5tmn»r biotin-biQcilng a01nkt« 
ajid each can bind (out molcculcsof biocin (1). Morcovet, dtc same 
concentration of biotinyiated secondary antibody «as used for each 
of these two methods (Ikble l). 

If the iiaproved stdning of SP over ABC is attributable to a lack 
of sccric hindnmce usin^ SP, then one woutd cxpen that the PAP 
method, which also avoids steric hiftdratcce» mi^ give a signal 
as strong as SP. Howevei, this was not the case. Thne coutd be sev- 
en! explanations for the superiority of SP over FAR The fifst has 
to do with differences in the secondary antibody. With the PAP 
technique, each unlabeled secondary *%n]fr antibody binds one 
PAP ccrmplex. Hotwcver, wtth the SP approach, each secondary an* 
tibody molecule may have several biotin residues, thereby alfow- 
tng several strcrpuvtdin-pefoxidase molccales to be bound and the 
signal to be amplified. Second* the binding affinity of streptavidin 
for bbtinyiatcd antibody [Kd » 10{-15)M) is much higher than the 
bmding affinhy of the link antibody for the PAP rcagcm (Kd- 
10( -8)^1 j(5}- Third, the lower molecular weight of stiftptavidin {60 
kd) in comparison to ihe tmmunoglobuHns used in the PAP re* 
agent may permit better accessiWIity of the SP icagem to die anti* 
gen site, R^urth, there may be differences in the number of peroxi- 
dase mokcules conjugated to stre|»ntvidin compared to PAP 
complex. The PAP complex is known to contain three peroxidase 
molecules ^d two sntiperoxidase antibody moleculej (6), but the 
number of peroxidaMr molecules per streptaindin is not knoe^. Fi* 
nally, the oioleculiur weight of the peroxidase enaynie itself may 



also be a factor, and wt caution ^at the results presented herein 
may not necessarily apply to tcagenc^ that ate con|Ugated wkh other 
encymcs {such as aMIinc phosphatase}. 

Adtnowkd^enc 

Jl^ Oft moiigKffefi^foBopm$ OtthfitTomstsoKe in typmg tie mmusaipt. 
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The structure of a complex between the NC10 antibody 
and influenza virus neuraminidase and comparison with 
the overlapping binding site of the NC41 antibody 
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Ba<^groand: While it is wcU known that diSercnt anti- 
bodic& can be produced against a particular antigen, and 
even agatinst % particular site on an antigen, ttp until n.ow 
tiiere have been no sttructurai studies of cross-reacting anti- 
hodit& of thb type. One antibody-andgen complex whose 
structure is kno^vn is that of the inflacma vkus antigen^ 
neuraminidase, in complex with the NC4t antibody. 
Another anti-ncuraminidasc antibody* NCIO» binds to an 
overlapping site on the antigen. The structure of the 
complex formed by this antibody with neuraminidase is 
described here and compared with the NC41 -containing 
complex. 

Re»«i1ta: The crystal structure of the NCIO Fab-ncu- 
raminidase complex has been refined to 3 nominal resolu- 
tion of 25 A, Appwwdmatcly 80% of the binding site of the 



NCIO antibody on nciiraminidasc overfaps with that of the 
NC41 antibody. The epitope residues of neuraminidase are 
often engaged in quite dificrcnt interactions with fJie two 
antibodies. Although the NCIO and NC41 antibodies have 
identical amino acid sequences within the first complemen- 
tarity detcrminir^ region of their heavy chains, this is not 
the basis of the cross-reaction, 

Condudom: The capacity of two different proteins to 
bind to the same tai^ structure on a third protein need 
not be based on the existence of idcr«ical or homologous 
amino acid sequences within those proteins. As wc have 
demonstrated^ amino acid residues on die common target 
structure may be b quite different chemical environments, 
and may also adopt different conformations within two 
protein-protein complexes. 
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Introduction 

Recent studies of the crystal structures of anti- 
body-antigen complexes (reviewed in [l'^3]) have 
enabled a detailed description of molecular interactions 
in several individual complexes, and have pointed to 
some of the more general principles that determine 
binding and specificity in this system. For protein 
antigens, it emerges that an andbody^ntigen complex 
has much in common with other protein-protein inter-- 
actions [4) , 

An important characteristic of immune responses to 
antigens is degeneracy; that is, the raising of many 
antibodies with specificity for a particiilar antigen. This 
phenomenon suggests that a particular structure on 
an antigen might be able to be bound by more than 
one antibody, and the work described here provides 
an example of such a phenomenon* On the other hand> 
redundancy in immune responses, whereby one 
antibody may bind to more than one antigen, has 
similar strnctural implications. 

Cross-reactivity of an antibody to an antigen can occur 
at three different levels [S], In the simplest case, an 



antibody might bind an identical structure on two very 
similar antigens. There is one published example of this 
to date [6]. The structure of an anti-neuraminidasc 
antibody^ NC41, was determined in complex with the 
neuraminidases from two different influenza viruses, 
isolated from a bird in one case [7] (hereafter referred to 
as tern N9 neuraminidase) and a whale in the other [8] 
(hereafter referred to as whale N9 neuraminidase). The 
amino acid differences between these antigens lie 
outside the NC4t antibody binding site [6]. 

At a second level of cross'-rcactivity, an antibody might 
bind to two antigenic structures which are lai^ly, but 
not entirely identical. For example, an antibody 
{NC41) raised against the tern N9 influenza virus neu- 
taminidase cross-reacts with a mutant of the antigen in 
which an isoleudne within the binding site is replaced 
by an argininc. The crystal structure of the complex of 
this antibody with the mutant neuraminidase [9] shows 
that local relaxation of bodi the antibody and antigen 
structures {relative to the structure of the NC41 
antibody in complex with wild-type tern N9 neu- 
raminidase) occurs around the site of the mutation. The 
affinity of NC41 for the mutant neuraminidase is lower 
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than that for the wild-type protein [10]. However, most 
of the structural elements of the antibody-antigen 
interface are identical- A similar observation was made 
for the complex of NC41 with another neuraminidase 
mutant, in which an ^sparagine residue was replaced by 
an aspartic acid [9]. Another example of cross-reactivicy 
at this level is provided by the crystal structures of five 
progesterone-like molecules tightly bound to an 
antibody (DB3) raised against one of them [HJ. In that 
case, the basis of cross-reactivity was the utilization of 
common binding sites on the antibody to engage 
common elements of the antigen and the existence of 
slighdy different conformations of side chains within 
the ligand-binding pocket of the antibody. 

The third and most complex level of cross-reactivity 
arises when an antibody is capable of binding two quite 
unrelated strucuires. Such a situation is very similar, in 
structural terms, to two diSerent antibodies binding to 
the same site on a particular antigen. Studies of 
idiotopc-^nti-idiotope complexes arc relevant to this 
type of cross'-reaction. An antibody (Ab2}, which rec- 
ognizes the combining site of another antibody (Abl), 
can compete with antigen for the binding site on Abl^ 
and in most cases this sort of cross-reaction will iirvolve 
non-homologous structures. In some cases* Ab2 is 
beheved to mimic the antigen, cither structurally or 
functionally, and this subject will be dealt with farther 
in the Discussion section. 

We have previously determined the three-dimensional 
structures of neuraminidases from two different 
subtypes of influenza, N2 [12^14] and N9 [15]. 
Influenza virus neuraminidase is one of two membrane 
glycoproteins embedded in the viral envelope {reviewed 
in [16}), haemaggfutinin being the other. Mutation of 
these envelope proteins is the basis of antigenic 
variation of the virus. Neuraminidase is a tctramer, and 
its four identical polypeptide chains, each of some 470 
amino acids, are arranged with circular four-fold 
symmetry, TVeatment of virus with certain proteases 
cleaves the neuraminidase polypeptide near residue 80 
and hberatcs a soluble neuraminidase *head* of about 
390 amino acid residues. The structures of the anti- 
neuraminidase antibody, NC4i, in complex with two 
nciiraminidases of subtype N9 [6], and two escape 
mutants of tern N9 neuraminidase, have also been 
described [9], as mentioned above. 

Here we report the structure of a second Fab-neu- 
raminidase complex. The neuraminidase in this 
structure is derived from influenza virus of subtype N9 
isolated from whale [8], A three-dimensional structure 
of the complex between a singlc'-chajn Fv fragment of 
NCIO and tern N9 neuraminidase has also been scdved 
[17,1B] and will be described in more detail elsewhere. 
The analysis of the NCIO and NC41 complexes with 
neuraminidase permits a comparison of the atomic 
environments of neuraminidase residues within the 
overlapping antibody-binding sites. 



Results 

Crystalie^raphic refinement 

The structure model for the NCIO Fab-neuraminidase 
complex describes the positions 388 neuraminidase 
residues {82-468) » nine ncuxaminidase'-associated car- 
bohydrate residues (seven attached to Asn200, one to 
AsnS6 and one to Asnl46)» 109 light chain variable 
domain (V^) residues (L1-L109), 122 heavy chain 
variable domain (Vj^) residues (H1-H113, with inser- 
tions H52A, H82A-C and HIOOA-E), one calcium ion 
in the neuraminidase and 83 water molecules. The 
constant module of the antibody is disordered in the 
crystals. The numbering of residues of N9 neu- 
raminidases follows that of N2 neuraminidase from 
strain Tokyo/3/67 [12,14), with insertions 169A, 412A 
and 41 2B, and deletions of residues 334 and 393. The 
secondary structural elements are named following the 
N2 convention [12]. Where the electron density was 
sufficiendy strong to allow carbohydrate moieties to be 
built in, they were modelled in the same way as in the 
N2 [12,14] and tern N9 [15] neuraminidase structures. 
The best-defined carbohydrate is that attached to 
Asn200» which was built with the linkages: Asn200- 
P(l,N)-200A-P{l,4)"200B-|5(l,4)-200C»a{1,3)-200D- 
a(l,2)-200B-«(l,2)"200F and 200C-<x(l,6)-200G. The 
residues 86A, 146A, 20QA and 200B were modelled as 
JV-acctylgiucosamine, while the remaining residues 
were modelled as marmose. 

The crystallographic R-value for the structure is 0.213 
for 31862 reflections with F>2a(F) between 6.0 A and 
2,2 A. The root mean square (rms) deviations from 
ideality of the structure model are: 0,014 A (bond 
lengths); 2.0** (bond an^es); 27.0'' (dihedral angles) and 
IJ° (improper angles). The free R-value [19] is 0.277 
for a test set of 10% of the reflections which were 
excluded from a round of refinement comprising 
simulated annealing, B-factor refinement and energy 
minimization. The coordinate error is estimated at 
0.3 A as shown in the Luzzati plot [20] (Fig- 1). The 
marked deviation of the observed R~valuc$ from the 
predicted curves at low resolution may be due to the 
lack of a model for the constant regions of the Fab 
fragment, which could cause a modulation in die dif- 
fraction signal over this resolution range. 

The Ramachandran plot for the NCIO Fab-neu- 
raminidase structure (Fig. 2) demonstrates that most of 
the residues have conformations within the allowed 
regions [21]. Among the oudiers, SerH98 in the NCIO 
Fab esdiibits die largest deviation from expected 4>.4' 
values. Its placement was confirmed by a strong peak in 
the F^-F^ map resulting from setting the occupancy of 
this residue to zero during a round of refinement, and 
by subsequent strong density for the whole residue in 
2F^™'F^ maps. SerH98 is situated at a turn in comple- 
mentarity determining region (CDR) H3 and is 
preceded by two glycine residues. AsnL31 and ThrLSl 
arc also outliers in the Ramachandran plot. Both of 
these residues are situated at position i-\-2 in tight 
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p-turns; AsnL31 is in CDR LI which is a type V (77) 
turn [22], and ThrLSI is in CDRL2 which is a 
distorted type V turn. It is not uncommon to find 
residues with high-energy conformations at these 
positions [6,23-25], and both residues are represented 
by convincing 2F^-F^ density A hydrogen bond 
extends from the AsnL31 Ng^ donor atom Eo ThrLSl 
O^j. The side chain of ThrLS is in strong 2F^-F^ 
density; akhongh the preceding peptide bond and side 
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Ftg, 1. Plot of observed R-value (squares; scale on left axis), 
theoretical curves for R-value (20) (dotted) and data complete- 
ness b/ shells (triangles; scale on Hght axis) for the NC10 
Fab-neuramlnidase structure and reflections with F>2(7(F). Both 
curv^es are drawn as functions of 1/d (hr^ 
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Fig. 2. Ramachar>dran plot [21 j for the NCIO Fab-neu- 
raminidase structure, representing glycine to) and non-^yclne 
(x) residues. Piotein residues with values outside theener* 
eelically preferred regions of cof»formational space are 
labelled, and are discussed in the 



chain of residue ThrL7 arc poorly defined in the 
electron density. The 2F^-F^ and F^-F^ maps are not 
sufficiently clear to enable rebuilding of this region. 
There are two oudiers in the neuraminidase part of the 
structure. Serl64 is located at a turn and is well placed 
in 2P^™F^ density Similarly Scr404 is in strong density, 
and is also noted as an oudier in other N9 and N2 neu- 
raminidase structures [6,1445]. 

Electron density is well-defined throughout the 
neuraminidase model and in the antibody-antigen 
interface (Fig* 3) but it is less clear at the distal end of 
the antibody variable domains where the temperature 
factors rise to 40 A^. The only side chain in the 
andbody-andgen interface whose orientation is unclear 
is that of GluL27, for which two features of density 
extend from the position, possibly representing 
alternate side chain conformcrs. 

The mean B~factor for all neuraminidase atoms is 
6.4 and for all and atoms it is 16.3 A^. 
Increasing values for the displacement parameters 
within the variable module are correlated with distance 
from the CDRs» which have a mean B-£actor value of 
7.7 A^. A similar pattern of increasing B-factors from 
the neuraminidase through both the variable and 
constant regions of the NC41 Fab was observed in the 
NC4t Fab-neuraminidase complex where mean values 
for B-factors were 9.9 A^ (neuraminidase), 22,4 A^ 
(variable module) and 32-0 A^ (constant module) [6]. 

Crystal packing 

In the NCIO Fab-neuraminidase complex, the neu- 
lamimdase-Fab protomers are closely packed along the 
four-fold rotation axis of the crystals. The lower 
(proximal to the viral membrane) surface of the neu- 
raminidase is in contact with an homologous surface 
around the plane z^O^ which contains the crystallo- 
graphic dyad symmetry asces. The top surface of the 
neuraminidase is remote from its homologous surface 
around the plane z^Vt. The four Fab fragments 
attached to the upper surfiice interdigitate with those 
from die dyad-related neuraminidase tetramer* making 
contact via the V^^ domains. Crystal growth in the X'-y 
crystal plane is facilitated by interactions between neu-- 
raminidase and the V^^ domains. As mentioned above, 
there is no evidence for ordered structure for the car- 
bohydrate moiety attached to the neuraminidase at 
A5nl46, apart from some electron density correspond- 
ing to die first N-acetylgJucosamine residue. In crystals 
of N2 neuraminidase (space group 1422» a=139.6A, 
c-I91.0A), the oligosaccharide attached to Asnt46 is 
seen as a spike-Uke projection from the protein surface 
which mediates crystal contacts along the direction of 
the four-fold symmetry axis [14}. 

There is no electron density for the constant module of 
the Fab fragment which suggests that, in this particular 
crystalline complex, the Fab displays either discrete 
disorder (several distinct states) or dyiiamic disorder (a 




continuum of states) with regard to elbow angles. The 
volume of the unit cell is sufficient to accommodate the 
constant module of the Fab and sufficient contacts are 
made to enable crystal growth without the need for 
one ordered conformation of the constant module. 
This type of flexibility is expected for antibodies in 
solution [26] and variabiHty of elbow angles with 
different crystal environments has been reported [27]. 
There are also two precedents of antibody structures in 
crystals displaying segmental disorder of this type, both 
of which involve disorder of the Fc region of the 
structure with respect to the Fab regions (28,29], This 
is the first observation of elbow angle disorder within 
crystals contaltdr^ an Fab fiagment. 

Overview of structure 

The general features of the NCIO Fab-neuraminidase 
structure^ which were reported earlier [30], are 
confirmed here. The neuraminidase tetramer is a 
flattened box-shaped object and four Fab fragments of 
the NCIO antibody bind to the upper surface (i.e. the 
one distal to the viral membrane). The neuraminidase 
epitope recognized by NCIO overlaps with that recog- 
nised by the NC41 antibody The surface areas on neu- 
raminidase buried by interaction with the NCIO and 
NC41 antibodies are 716A^ and 899 A^, respectively, 
and the buried surface areas contributed by the residues 
common to both epitopes are 594 (83% of the total) 
and 686 A^ (77% of the total), respectively The centre 
of the NCIO binding site is somewhat further from the 
neuraminidase active sice than that of NC41. as shown 
in Figs 4 and 5. This is consistent vnth observations 
that the NC41 antibody can inhibit enzyme activity on 
borfi glycoprotein and trisaccharidc substrates while 
NCIO has inhibitory activity only with glycoprotein 
substrates [10]. 

Neuraminidase 

The diree-dimensional structute of the whale N9 neu- 
raminidase has been reported as part of a complex with 
die NC41 antibody [6]. There arc no important struc- 
tural differences between the gjobular domains of the 
whale N9 and tern N9 neuraminidase molecules apart 
fitom 14 amino acid sequence differences, and only 
two of these changes (residue 387 is an argininc in 
whale N9 neuraminidase and a lysine in tern N9 



Rg. 3* Stereoview of the ^F^^^F 
electron density map in the vicinHy of 
the antibody-antigen mterface, 
contoured at the 1.2c level. The 
labeiied neuraminMase residues 
(upper left) are Ptt>328, Asn329 and 
lle368. The labelled antibody residues 
(at rhe bottom and right) are TyrL32, 
TyrHtOOA and AspHlOOB. The 
burled water molecule, W302, is also 
shown. {Figure produced with 
TURBCM=RODO (671.) 

neuraminidase; residue 457 is an aspartate in whale N9 
neuraminidase and an asparagine in tern N9 neu-- 
raminidase) are located on the upper or side surface of 
the molecule [8]. 

In Table 1, the disposition of epitope atoms in the 
NCIO Fab-whale N9 neuraminidase complex is 
compared with diat of the corresponding atoms in the 
uncomplexed tern N9 neuraminidase and in the NC41 
Fab-tern N9 neuraminidase complex. In these three 
structures, the neuraminidase molecules, while closely 
similar at the backbone level (rms differences of 0.3 A), 
display considerably greater variation in the positions of 
their surface atoms (rms differences of 1.4 A and 1.3 A). 
However, the degree of variation in the positions of the 
NCIO epitope atoms is similar to that in the remaining 
(solvent'-exposed) surface atoms {rms differences of 
l.S.A), Thus, the efiect of Fab binding on the disposi- 
tion of the epitope atoms is neither to constrain them 
to their native (uncomplexed) positions, nor to induce 
a change of any greater severity than might be expected 
on the basis of a change in crystallographic environ- 
ment or limited mutation. 

In comparing the structures of the NCIO and NC41 
complexes, there are two significant difierences within 
the overlapping epitope regions. The side chain of 
Asn344 is rotated MSG** about die C^'-Cg bond, shifdrig 
the C atom by 3.0 A. The Asn400 side cnain is similady 
rotated by -ISO*" causing a 2.5 A shift of its C^ atom. A 
number of other surface side chains, which are not in- 
volved in the interaction with antibody, display similarly 
large dificrences between the two complex ^ctures. 

A measure of shape complementarity (S^) has been 
introduced [31). This has been found to vary between 
0.64 and 0.74 in a number of protein-protein interfaces 
for which it has been calculated By dus measure, perfect 
shape complementarity results in an value of 1.0. The 
shape complementarity at die antibody-^ttgen interface 
for the NCIO Fab-^hale N9 neuraminidase complex is 
0.65 when the calculation includes the three water 
molecules that are buried in the antibody-antigen 
interface^ compared with 0.63 when the calculation does 
not include these water molecules. The value of in 
the NC41 FaMern.,N9 neuraminidase complex [7] 
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fig* 4» trace of protomers in (a> the 
NC10 Fab-neurammidase complex 
stmcture, and (b) the NC41 Fab-ncu- 
raminidase complex structure. The 
colour scheme neuraminidase 
(green), NCIO Vh (red), NCID 
(purple), NC41 V^^ (orange), NC41 
(cyan). The active site of the enzyme Is 
contained within the large central 
cavity near the antibody-bindmg sites. 
(Figure prxxiuced with HYORASTER, 
written by S Watowich and L Gross, 
based on work by D Bacon and 
W Anderson {RASTER3D} and 
R Hubbard (HYDRA)-) 

(Protean Data Bank (PDB) [32] entry Inca) is 0.66 [31] 
which is similar to that of the NCIO complex and other 
crystal structures of andbody-^dgen complejiaes [31]. In a 
Jforther attempt to characterize die antigenic surfecc of 
neuraminidase, the value was calculated for two artifi"' 
cxally docked antibody-antigeii complc3oes. In the first 
^complex', tern N9 neuraminidase ftom the NC41 
Fab-tern N9 neuraminidase complex was docked to 
NCIO by superposition of the neuramimdasc molcxulcs 
in the two complexes. This yields an value of 059. in 
the second 'complex*, whale N9 neuraminidase (&om the 
NCIO complex) was docked to NC41 by the same 
procedure, yielding an value of 0,46. This value 
compares pooriy with that for the crystal structure of the 
NC41 Fab-Avhafc N9 neuraminidase complex {6] (PDB 
entry Incd) of 0,66* These caicdadons su^^. that the 



neuraminidase surface that is observed to interact with 
NCIO is indeed more complementary in shape to NCIO 
dm the equivalent surface of the NC41'-tieuraminidase 
complex, 

NCIO antibody 

The structure of the unliganded form of this antibody 
has not been determined. The structure of the anti- 
body variable module in the NCIO Fat-whale N9 ncu-- 
ranunidase complex is similar to that of other antibody 
structures previously reported. The Yj^ and 
Vj^ domains are related to each other by a rotation of 
179^ about a pseudo two-fold rotation axis» and a transla- 
tion of 0.7 A, as determined by aligning 92 homologous 
Cjj atoms from the framework regions of the two 
domains.. _ 
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The tlu^-<iimensional structures of die CDRs of anti- 
bodiek, bodi in unliganded and ligandcd forms, mostly 
conform to one of a Kmited number of canonical struc- 
tures [33]. The classification depends upon the 
sequences both of the CDRs and of critical ftamcwork 
residues which surround them [34]. The CDRs of 
the NCIO antibody in complex with neuraminidase 




f=tg. 5. The molecular surfaoB of the neuraminidase monomer 
in the NCIO complex. The moleaile has been rotated towards 
the viewer «kI 90* to the right (about the axis normal to the 
age) relative to Uie view in fig. 4, to show the antibody- 
binding sites ccttnmon to both NCIO and NC41 Q5Ufple, central 
area); for NCIO only {red, lower) and for NC41 only (cyan, 
upper). The enzyme's active ^te is coloured gree»i (left). (Figure 
produced with CRASP, written by A Nlchoils and B Honig.) 
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Table 1. Comparison of epitope atom positions in the NCJCK 
neuraminidase (MA) comptex with those in yncomplexed NA and 
rfie NC41-NA complex. 



Rmsd ^ versus 



uncomplexed NA NA in NC41 tomptex 



Badcbone atoms 03 

All atoms 0.9 

Surface-exposed atomsa 1.4 

^itope atoms'* 15 



0.3 
0.9 

1.3 

1.5 



Abbrev'ratJons; NA, neuraminidase; rmsd, root mean square difference. 
All calcutatiqns exclude the atoms of the 14 non-identicai residues h 
the whafe-derived and tem-derived neuramlrildases. ^Surface-exposed 
atoms In the NCIO complex include those atoms which are on the sur- 
face of a monctfnerk: NA molecute, and are not involved In NA subunit 
interactions or In irrteractions with the NCIO Fab, or crystal contacts 
with symmewy-ielated moteailes. *>l^ope atoms include those atoms 
whteh are within A of an NCIO fab ptoteln atom. The symmetty- 
retated carbohycbrate residues attached to A$n200 are induded in this 
comparison strffie they a$ainw the same orientation In the tetrameric 
stnjctuies of all three NA molecules being compared 



correspond with canonical structures for CDB^s 
described previously [33,35], The three light chain 
CDRs, LI (residues L26-32), L2 (residues L50-52) and 
13 (indues L91-96), fail into structure groups 2, 1, 
and 1 rcspectivdy* and the heavy chain CDRs Hi 
(residues H26-32) and H2 (residues HS2A--55) belong 
to classes 1 and 2, respectively. CDR H3 (residues 
H96-101), for which no canonical structure has been 
described, is in this case a long, convoluted 11 -residue 
loop pinned at its base by a salt link between ArgH94 
and AspHlOl, an interaction which is observed in 
many structures of CDR H3 loops [33], The observa- 
tion of canonical structures for five of the six CDR 
loops suggests, but does not prove, that there may no 
large conformational changes within these loops (for 
example, peptide bond rotations of 180**) as a result of 
antigen binding. 

Ccwnparison with NC41 antibody 

The Fv regions of NCIO and NC41 display 53% 
sequence identity and their CDRs are 35% identical in 
sequence^ as shown in Table 2. The sequence of CDR 
HI is identical in the two antibodies and CDR H2 is 
the same leng^hi in each. Four of the seven residues in 
Lt are aiso i<fentical, but elsewhere the CDR sequences 



Table 2. Sequence alignment of NCIO and NC4-t CDRs. 



COR residues 



CFft residues 



11; caiMMwsd itruc(irf« 2 

Residuenot 26 30 J1 32 

NCIO $ Q D I S H V 

NC41 5 Q D V S T A 

Residue no. 50 S1S2 
NCIO Y T S 
NC-II WAS 

13: canofifcvl sln*ct«re 1 

Residtieno. 91 92 93 94 95 9& 

NCIO D F T I P F 

NC41 H Y S P P W 

Residue no. 26 27 2B29 30 31 32 
NCIO C Y T F T N Y 
NC4'T C Y T F T N V 

H2: c9AontciI t\nit±ift 2 

Residue na 5ZA 53 S4 5S 
NOO P C N C 
T N T G 
HyHa-5 P C S C 



1 25 33 71 
I A L Y 
I A L Y 



48 64 
I C 
I G 



90 

Q 
Q 



34 94 
M R 
M R 



Tt 
A 
L 
A 



H3e no caMudcil tbticttiK 

Residue IKK % 9798 99 100 lOOAIOOaiOOClOMJ lOOE 101 94 95 102 103 
NCIO CCSYRYOGCFDRSYW 
NC41 EDNFCSLS-- - DRCYW 



Ihe categoriMrtioi> of canonical structures <rf cOfmpiCTnertarity d^nwrsng region 
ICDRJ loops IS accowTing to Oiothia et af. t35). On the left are the CDR residues, 
sep^ied frwft the criticil frainewo* KFR) residues on the right, NOO and NC41 
have the same carkonicat stwciunes in the five out of sbc CORs for which canonical 
stnjct»«s hawB been defined (CDR H3 is tiie sucCeptsonX Am^ add residues ate 
represented by their one-tetter code. 
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Table 3. Contacts between antibody and anttgen in the ^3C10 Fab-neuraminidase complex: 






11 «2) L3 (21> 




H2tZ5) H3{27) 


Loop t^eskbe 




S30 V32 D91 m T93 


t94 


Y52 C53 Ni54 D56 YS? RlOO YTOOA OlOOB 


Contacts 


3 9 1 11 6 


1 


5 1 11 8 9 3 12 3 












PjLq, Vim 


o 


7 2 








n 


5 15 




2 


D3^o 


4 


4 






P331 


2 


2 






T332 


1 


1 






Y341 


1 


1 








2 


2 








4 










1 






1 




7 






7 


A3&9 


4 




1 


3 


S370 


4 






4 




10 






2 8 


{29) T401 


S 






3 1 4 


W403 


11 






7 4 


C200 20aF 


& 






3 3 




B5 








Neujaminida^e (NA) residues are Irsted vertically at the left and are divided into secondasy structuraf elements as defined irt {12). NC10 residues are lasted across the cjibte 


and are divided according to \\ 


aht (0 and heavy (H) chains and CDRs il, 2 


or 3). The total wrr^er of contacts with each CDR Joop/NA loop is given in parentheses. As 


slated In the tert, CDSs HI and L2 do not make contact with ahtiger>. Contacts were 


calculated with CONTFACSYM 162). The hydrogen bortding asstgnmert differs ffom 


; that In Table 4; in this table ?^ear*hydrogen bonds are included v;nth hydrogen bonds. The r>umber of contacts sn the table are shown In bold ff a sirtgJe hydrogen bond is 


formed, and italic bold ff two hydfoger> bonds are fonried. Amino acidi are represented by their one-letter code. Cart»hydrate jeiiduft 200F is a manrose. 



The contacts between NCIO antibody and neu- 
laminidase are listed in Tabic 3. The NCIO epitope on 
neuraminidase comprises four polypeptide chain 
segmentit; 32fr~332, 366-370 and 400-403, 

although, as shown in T^Ie 3, not all residues in each 
segment make contact with the andbody Carbohydrate 
attached to Asn200 on a neighbouring monomer 
within die tctramer forms part of the epitope. The total 
buried surface area contributed by this carbo- 
hydrate moiety is 92 (13% of the total buried surface 
of neuraminidase). One sugar residue from this 
oligosaccharide (200F) makes six contacts with NCIO. 
including one hydrogen bond with Asp HI DOB, and 
two other msnnose residues (200D, 200E} make no 
contacts with antibody but have buried surfece in the 
andbody^-andgen inteiface. 

A curved ri(%e on the neutanumdase structure, formed 
in part by the loop containing residues 366-370 and 
Asn329j abuts the groove between the Vj^ and 
domains (Fig. 6a). Three fully-buried water molecules 
(W301, W302, W303) have been modelled into die 
structure and these parddpate in some of the hydrogen 
bonds across the interface as detailed in Table 4. Of the 
remaining 80 water molecules included in die structure, 
another four water molecules 0^201, W229, W312* 
W317) mediate contacts between antibody and andgen 
at the solvent-exposed perimeter of the antibody— 
andgen interface^ and a &rther S15C are observed at the 
periphery of ^the^antihody^rand^i^ jnterfacej It. should 



of the two andbodies are quite dissimilar. The canonical 
structures of LI, L2, L3, HI and H2 of NCIO arc the 
same as those of NC41, although CDR H2 of NCIO is 
more similar to its counterpart in HyHEL-5 by virtue 
of the identity of the framework residue AlaH71 in 
those two structures [34,35]. The pairing of the V^^ and 
Vj^ domains in the two andbodies is quite similar. The 
C^ atoms of the NCIO and NC41 V^^ domains were 
fitted by a least-squares procedure, and it was found that 
the additional transformation required to fit the 
domains to each other was a rotation of 1.7* and a 
translation of 1.4 A. 

Antigen-^ntibody Interface 

When only protein and carbohydrate residues are con- 
sidered, the surface areas buried on NCIO and neu- 
raminidase as a result of formation of the complex arc 
697 A^ and 716 A^, respectively These values arc at the 
lower end of the distribution for published structures 
[2,3]' When the three fidiy-buried water molecules in 
the interface arc included, the total surface area 
between the two molecules increases only siig}itly» with 
689 A^ on NCIO (a slight decrease) and 735 A^ on 
neuraminidase. The inclusion of all water molecules in 
the model results in a significant increase in buried 
surface area, with 800 A^ on NCIO and 871 A^ on 
neuraminidase. The andbody'-andgen interface has a 
rectangular shape of approximate dimensions 
30Axl5A (Fig. 5). Only four of the six CDRs make 
contact with antig^; CDRj HI and L2 do not. 
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Fig» 6» Stereoviews of the environment 
of the neuraminidase 366™-372 loop in 
(a> the NCIO Fab-neuramir»fdase 
complex, arjd {b) the NC41 Fab-neu^ 
rammldase comptex. The orientation 
of the complexes is rotated by 90* to 
the right (about the axis nonriaf to the 
page) relative to the View in Fig. 4, and 
only and side chain atoms are 
shown. The four neuraminidase 
segments shown are (at iefl, top to 
bottom): Pfo431-Lys432 {towards the 
viewer); Asn400-Thr40VAsp402- 
Trp4O3-Ser404; Thr365-ne366-Ser367- 
l!e368-Ala369-Ser370"Airg3 71 -Ser372, 
and Asn325-Pro326^Arg327. The side 
chains of A!a369 and Ser370 point 
towanis the antibody while the side 
chain of Arg371 points towards the 
active site of the enzyme (towaids the 
viewer). In (a), the NCI D antibody 
resi (fcies (and CDRs) shown are (top to 
bottom): H50-HS9 {H2), H33 (HI), 
H99-H100A (H3) and 194 (13). 
In ft), the NC41 antibody residyes 
(and CDRs) shown are {top to bottom): 
L91-L96 (13), H96--H100B (H3), 
L32-4.33 (11), and 149^150 (L2). The 
protein residues are coloured as In Fig. 
4; water molecules are represented as 
blue spheres. (Figure produced with 
HYORASTER.) 



be noted that the hydrogen bonds in Table 4 arc those 
defined accordirig to the criteria of Baker and Hubbard 
[36] which diflfer fiom the assignments in Table 3 where 
the geometric requirements are Jess strict and *near 
hydrogen bonds' are incJudcd, The water molecules 
buried in the interface are involved in both van der 
Waals contacts and *ncar hydrt^n bonds' as well as 
strict hydrogen bonds. 

Comparlswi of NCIO and NC41 antlbody-^llgen Interfaces 

The CDRs of the two antibodies are overlaid in Hg. 7, 
based on alignment of the neuraminidase molecules of 
the NCIO and NC41 complexes. To a first approxima- 
tion, the HI CDR5 of the two antibodies (which have 
identical sequence) occupy a similar position in space 
with respect to neuraminidase, although the fine 
structure of the complexes shows that CDR HI of 
NCIO docs not contact the antigen. At the next level 
of sequence similarity between the antibodies (4/7 
identities in CDR LI), it is also the case for one of the 
antibodies (NC41) that the CDR LI loop has no 
contact with the antigen, it is also noteworthy that 
while CDRL2 is not in contact with neuraminidase in 
the NCIO complex, CDRL2 of NC41 makes the 
second laigpst number of contacts (after CPR H3) in 
the complex of NC41 with neuraminidase. Leasts 
squares fitting of the C^ atoms of the CDRs of the two 
antibodies revealed that they arc related by a rotation of 
72**, approximately about the CDR HI pivot. This 
rotation results in a difference in the centres of the 
CDR surfaces of approximately 19 A (Fig. 7), This 




difierent angle of attachment of the two antibodies to 
neuraminidase is also shown in Fig. 4, 

The surface areas buried upon interaction between 
neuraminidase and NC41Fab are 899 and 916 
respectively [6], which is the largest observed interface 
in an antibody—antigen complex to date. In the NC41 
complex, five of the six CDRs make contact with 
antigen; CDR LI, which 'overhangs* the enzymes 
active site, is the only CDR not in contact. The associ- 
ation constant of the NCIO Fab--whalc N9 neu- 
raminidase complex calculated from sedimentation 
equihbrium data (2xlO^M^^) [37] is similar to that of 
the NC41 Fab-tern N9 neuraminidase complex 
(l,2xtO^M~^) [37]. These values are approximately 
100 times lower dian those yielded by measuring (with 
an optical biosensor) the binding of neuraminidase to 
immobilized Fab [38], As mentioned above, the shape 
complementarity values for the two complexes are 
similar being 0.65 for the NCIO complex and 0.66 for 
the NC41 complex. 

Table 5 lists the neuraminidase residues which belong 
to the contact epitope in both the NCIO and NC41 
complexes, and the antibody residues with which they 
are in contact. Eleven of the 14 NCIO residues (79%) 
involved in binding neuraminidase, contact the 10 neu- 
raminidase residues which are common to both the 
NCIO and NC41 epitopes. Thirteen of the 17 NC41 
residues (76%) which form the antibody combim'ng site 
in the NC4J complex ajc.in contact with. thcjsc .10 heu- 
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raminidasc residues. Eight of the 10 neuraminidase 
residues in tl^e shared epitope (80%) m^cc contact with 
the same type of residue in both complexes, which can 
be lelatcd to the high proportion of asparagine and 
tyrosine residues in antibody-combining sites, as has 
been noted previously [39] , 



Table 4. Hydrogen bonds in the antibody-antfgen iftterface of the 


NC10 Fab-iTeuraminidase complex. 












Distance^ 




NA 


NC10 


A.,-0 (A) 




Asnm N 


Phel920 


2.6 




Asn329 N^^ 


Asp 191 0 


2.6 




Asn329N62 


TyrHIOOAO 


2.a 




Asp530O 


TyrlJZO^ 


2.7 




Thr332N 


Set 130 Oy 


3.5 




CJy3430 


Thr 1930^5 


3.4 




Ajin344 O^T 


lhrL930yi 


2.5 




Ser370 


Asp H56 0^2 


2,7 




$er372 


Asp H560y2 


3.5 




Asn^ 


TyrH52 


3,1 




Thr401 0 


Asn 


2.9 




Man20(H=O2 


AspH100BOs3 


2.6 


Sofveitt-protdn 








hydrogen bonds 


Water 


Profein 






W301O 


lle368N 


2.S 




W302O 


Arg327 0 


3.1 




W302O 




3.3 




W303O 


Asn329N52 


2.9 




W201O 


Tyr341 0^ 


2.8 




W201O 


Asp 128 0 


Z7 




W3170 


TyrLSOOr, 


2.7 




W3170 


Thr3320Yi 


3.0 


^Acceptor <A> to donor iOl Hych-ogen bonds were 


calculated in 


QUANTA 1631 using a maximum distance of 3.5 A This list includes only 


formal hydrogen bonds as defined by Baker arxJ Hubbard 136). Water 


molecules m the antibod^^ntlgen interface are also invotved in a nttm- 


ber of near-hydrogen bond and van der Waals interactions. Ly5432 arwl 


AspH56 form a \ 


^ng $oivsied satt link 0,9 A), 





There is only one case in which the same type of 
amino acid residue from the antibody in both 
complexes occupies the same position with respect to 
neuraminidase. The aromatic ring of TyrH99 in the 
NCIO complex is coplanar with that of TyrH32 in the 
NC41 complex (Fig, 7b)» although the two rings are 
rotated by 60** about the normal to them. Since the 
closest neuraminidase residue is Asn400, which has 
quite different side chain orientations in the two 
complexes, the tyrosine side chains are involved in 
different interactions in the NCtO and NC41 
complexes. 

In other cases, neuraminidase residues interact with the 
same type of antibody residue, but in ways that differ 
both chemically and sterically. The ridge formed by 
neuraminidase residues 368-370 is accommodated by 
the groove formed by the V^^-V^ interface in the 
NC41 complex in a simibr manner to NCIO, although 
the centre of mass of the NC41 antibody is shifted with 
respect to NCIO and the variable domains are rotated as 
described above and illustrated in Fig. 7. The environ- 
ment of neuraminidase residues 366-372 in the two 
complexes is shovm in Fig. 6, Although Ser37D forms a 
hydrogen bond with AspH56 in the NCIO complex 
and AspH97 in the NC41 complex* the orientation of 
these side chaim with respect to neuraminidase is quite 
different. In both complexes, Ala369 is in the 
hydrophobic environment of a leucine and an aromatic 
amino acid; they are LeuL94 and TyrHlOOA in the 
NCIO complex, and LeuHlOOB and TrpLSO in the 
NC41 complex (Fig. 6). 

The side chain of neuraminidase residue Asn344 makes 
one hydrogen bond* one near-hydrogen bond and two 
van der Waals contacts with the side chain of ThrL93 
in the NCIO complex, lb make these interactions, the 
orientation of Asn344 is altered with respect to un-- 
complexed neuraminidase and neuratninidase in the 
NC41 complex. In the NC41 complex^ interactions 




Hg. 7. Superposition trfthe CDRs of NCIO Fab ar^d NC41 Fab, based on alignment ot the nt^ramlnidase molecules In the complexes, 
viewed face on as they are attached to neuraminidase. 1he CDR residues shown in this figure are those presented in Table 2, (a) A C^^ 
trace of the CDRs, lulled L1-L3 and Ht'-HB. (b) A stereovlew Stowing a trace v^iith side chains inckided. The antibody residues 
■are coloured as in Fig,.4. (Figure produced, with HYDRASTER.)^.,. - ..w. . . ■ ^ ,,>;rt,..-. ^ * : *• ■■ - V -'^ 
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Table B, Neuraminidase residues that contact antibody fesidiie$ in 
both the NC10 Fai>«f»^raminJdase and NC41 Fab-neuram*rr«dase 
complexes. 





NA 


NC41 


Php[Q7 Thrill 


Pro328*' 


TyrL49^ TbrL53 


Tyrl32,Aspigi*, 


Asn329 


\\elB6 


PheL92,TyrH100A' 






thrl93 


Asn344 


TrpLSO, Thrl53 


Tyi*H99 




AsnH31 


Tyr HI ODA 


|{e368 


Tyr 149, aiiH96 


TyrHIOOA, teulW 


Ala369 


Trpl50,LeuK10(» 


AspH56 


Ser370 


AspH97 


TyrH52,TyrH99 


Asn400 


AsnH3l,CluH96, 






TyrH32,AsnH98 


TyrH52, ClyH53^ 


7hr401 


AmH&2,ABnm% 


AsnH54, AspH56 




Mtt H98 


AsnH54, AspH56 


Trp403 


AsnH98, Phe H99 



Sold type indicates that a neuramlriidase residue is rn contact with 
a residue of die same type In both the HCW and NC41 complexes, 
although the type of interaction H not necessarily the same. An as- 
terisk incticates that only irtatn chain atoms are In conisxi. 



occur between A$n344 and ThrL53 md TrpLSO, with- 
out significant change in the conformation of Asn344 
compared with the uncomplexed neuraminidase 
structure. 

The side chain of neuraminidase residue Asn400 makes 
a hydrogen bond with a bound water molecule 
{W205, 2.8 A) and with the hydroxy! oxygen of 
TyrH52 in the NCIO complex. The side chains of 
Asn400 and TyrH99 are in van der Waals contact. A 
rotation of the side chain of Asn400 with respect to 
the uncomplexed neuraminidase structure is necessary 
to make these interactions. In the NC4i complex, 
Asn400 makes a hydrogen bond and van der Waals 
contacts with AspH31, a hydrogen bond to GIuH96 
and a van der Waals contact with AsnH98. It also 
makes contact with Tyr H32 which occupies the 
same position as TyrH99 in the NCIO complex, as 
discussed above- 



Discussion 

The NClOFab-neuramimdase complex displajra similar 
structural features to other protein antigen-antibody 
complexes reported previously. The nature and extent 
of shape and chemical complementarity are typical of 
other complex structures. The size of the buried 
surface areas (716 and 697 A^ on antigen and 
antibody, respectively), the number of amino acids in 
contact across the interface (14 and 15 on antibody and 
anti^n, respectively), the number of hydrogen bonds 
(I2"betwreen maciomolccular residues and 8 facilitated 
by water molecules) and the shape complementarity 
(0,65) are all characteristic of previously studied 
antibody-andgen complexes. The slightly higher shape 
- complementarity, and larger sjarf&qe,.. of Jnteraction. 



between neuraminidase and NC41, compared vv^th the 
NCIO complex, are achieved without the inclusion of 
bound water in the model of the antibody-antigen 
interface. However, as noted by Tulip et al [6], several 
unexplained peaks in 2T^-F^ electron density maps 
could represent bound water molecules. It should be 
noted that the data completeness (by shell) falls below 
50% at 2.7A for the NCIO complex data compared 
with 3.0A for the NC41 complex. According to the 
calculations^ the surfaces of the artificially superposed 
'comfrfexes* are less complementary in shape than the 
corresponding pairs of surfaces in the crystallized 
complexes. This imphes either that slight local changes 
in conformation occur upon binding, or that the NCIO 
and NC41 antibodies recogni2e dighdy different con- 
formations from a repertoire of epitopes which are 
measurably different in shape. 

The central result of this study is the analysis of the 
similarity between the NCIO and NC41 antibodies and 
the description of the complementary surfaces which 
they form with a common set of residues on the 
antigen neuraminidase. Since our preliminary report of 
this structure [30]» two further examples of 
proteins-protein complexes in which essentially the 
same set of residues are recognized by different proteins^ 
have been described in atomic detail. 

The first of these is an idiotope^nti-idiotope complex 
involving the anti^iysozyme antibody D1.3 [40]^ which 
demonstrates, in this particular example, that the and- 
idiotope bears no structural resemblance to the antigen > 
hen egg-white lysozyme. Of the 13 amino acids of 
D1.3 in contact with the anti-idiotope, seven arc 
common to the interaction with lyso^yme^ but these 
common residues display different types of interaction 
with antigen and anti-idiotope. The conformations of 
the CDPLs of D 1.3 are similar in both complexes, but 
of the seven residues which are in contact in both the 
lysozyme and the anti-idiotopc complex, three have 
quite different side chain conformations [40]. (See 
below for fiirther discussion of whether anti-idiotope 
structures mimic antigen strumtres.) 

The second example of a protein binding to two 
different surfaces is the structure of the complex of 
human growth hormone with its receptor [41]. In that 
case the monomeric hormone induces receptor dimcr- 
ization, which results in identical regions of the two 
receptor polypeptides binding different structures on 
the hormone. The major interacting surface on the 
hormone is concave and the minor surface is fiat. The 
binding sites on each of the receptor polypeptides 
mostly involve the same residues and they are also very 
similar in three-dimensional structure, including the 
conformations of many of the interacting side chains, 
However, some differences in the structures of the two 
receptor molecules are evident. A tryptophan residue 
shows a difference in position of 2.8 A between the two 
binding Mt*^r^d,>the.back^^ a loop on one 
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binding site are displaced by up to 4A with respect to 
their counterparts on the other [41 J. 

From these examples and the new data presented here, 
the structural principles which underlie the promiscuity 
in protein-protein recognition arc beginning to 
emerge. Firsdy, shape complementarity appears to be a 
constant feature of these and other protein-^protein 
interactions. Secondly, this shape complemcnurity is 
often achieved by the common elements in the two 
different complexes adopting somewhat different thiee-- 
dimensional structures, either at the level of side chain 
or main chain conformation. Thirdly, the physico- 
chemical properties of individual amino acids ensure 
that a particular side chain can be accommodated 
within a protein^protein interlace in many stereochcm- 
ically difieient ways. 

In none of these examples do the cross-reacting surfaces 
display any obvious structural niirmcry with each other. 
Structural similarity between anti-idiotopes and 
antigens has been contemplated for some time 
(reviewed in [42]), and some cases of functional 
mimicry have been described (reviewed in [43]). 
Nevertheless^ there are sdll no structurally well-charac- 
terized examples of antigen mimicry in anti-idiotypic 
antibodies. A case for mimicry emerges in a study of 
anti-angiotensin II antibodies (Abl), and their anti- 
idiotypes (Ab2). Some antibodies (Ab3) raised against 
anti-idiotypes in this system bind antigen as tightly as 
the original antibodies (Abl) and one such complex of 
an Ab3 with angiotensin II has been reported [44]. In 
this complex^ the octapcptidc hormone adopts a con- 
formation similar to that seen in CDR L3 of the 
human immunoglobulin RJEL Abl and Ab3 have 
nearly identical variable domain sequences and, 
although they have different gene segments, even 
the CDR H3 sequences of the two antibodies are very 
similar (8/10 identities) [45]. These observations 
suggest, without proving, that Ab2 bears an image of 
the antigen. Similar arguments have been presented in 
favour of molecular mimicry in the case of anti- 
idiotopic antibodies to the reovirus haemagglutinin 
[46,47] and the E2 glycoprotein of feKne infectious 
peritonitis virus [48]. In both of these cases, sequence 
similarities between some of the CDRs of the anti- 
idiotopic antibody and the andgen form the basis for 
the claim of mimicry 

The different structural roles of the identical CDR HI 
sequences in the NCIO and NC41 complexes with 
neuraminidase illustrates the danger of drawmg conclu- 
sions about protein-protein interactions based on linear 
sequence data. In this case, the observed sequence 
identity of the two CDR HI sequences may well have 
led to the conclusion that CDR HI formed a common 
feature of the two complexes. This conclusion may 
have been strengthened by a low-resolution image of 
the complexes showing CDR HI in a similar location 
in- both cases. The intricacies of the two inter^actions , 



reveal that despite their similar locations in space 
relative to the antigen, one of these loops» CDR HI of 
NC10» makes no contact with the antigen. 



Biological implications 

Interactions between protein molecules in bio- 
logical systems bring together molecular surfaces 
whose areas are of the order of 6OOA2 Of more. 
Weak* iton-specific interactions between 
proteins^ such as those seen between molecules 
in a protein crystal^ usually involve smaller 
surface areas of contact. The specificity of 
protein-protein interactions is thought to derive^ 
at least in part, from the re<juirement for shape 
and chemical complementarity over large 
sur&ce areas. Nevertheless, cross-^reactions do 
occur and are especially welt-character ixed in 
the immune system p). In some cases they are 
associated with pathological conditions^ For 
example^ antibodies to viral proteins may cross- 
react with host tissue and trigger auto-immune 
responses [49}. More recently^ the importance of 
cross-reactions has been established in protein 
hormone-receptor interactions- 
Some types of cross-reaction have a trivial struc- 
tural explanation insofar as they involve homolo-- 
gotts sets of intermolecttlar contacts. An 
example of this is a variant of an antibody which 
arises via somatic mutation and binds to the 
same antigen as the antibody from the germ- 
line gene [50]. No experimentally deterthined 
structures are available tti this case. However^ 
there are crystal structures that demonstrate that 
single amino acid changes can be accommo- 
dated at the interface of antibody-antigen 
complexes [9], which is a structurally analogous 
case. The work presented here addresses the 
more complex case of cross-reactions involving 
antibodies that do not arise from a common 
germ-line gene. Frequent attempts have been 
made to rationalize cross-reactions on the basts 
of similarity of linear sequences of amino acids. 
The cross-reactions of anti-idiotype antibodies 
with antigen have been described in terms of 
amino acid sequence similarities between the 
complementarity determining regions of the 
anti-idiotype antibody and segments of the 
antigien [46-48]> but again, no three-dimensional 
structures have yet been presented to support 
such an interpretation. 

The anti-neuraminidase antibody NCIO binds 
the antigen neuraminidase at a site which exten^ 
sively overlaps that recognized by the previously 
studied antibody, NC41. NCIO and NC41 anti- 
bodies have identical amino acid sequences 
tfaroughjgpt ,fit;st C5>?pnpl«jmj^^itarity ,d«^t^rtniit- 
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ing region of their heavy chains, but we show 
here that this sequence identity is not the basts 
of the cross-reaction. Indeed^ in the case of the 
NCiO Fab-neuraminidase complex, that particu- 
lar complementarity determining region makes 
no contact with the antigen* This observation 
illustrates the danger of interpreting cross-- 
reactions on the basis of segmented sequence 
similarity^ although the possibility that in some 
cases cross-reactivity may have its origins in 
linear sequence homology cannot be excluded. 

A fundamental principle of protein structure is 
that unrelated amino acid sequences may give 
rise to similar polypeptide folds* It is now 
emerging that two chemically unrelated binding 
sites may bind a common structure on a third 
protein^ This is facilitated tn part by the capacity 
of proteins to modulate their shape to achieve 
the topographic complementarity necessary for 
protein-protein interactions. 



Materials and metiiods 

Protein purification, sequence and crystalUzathn 
The puri^^on of N9 neuramiiudase from influenza virtu 
A/WMe/Maiiw/1/84 has been dcscriiwd ebewhere [7], Wbak 
N9 and tern N9 neiiraminitbM^ arc nearfy identical in amino 
acid sequence; none of the 14 sequence changes withm the 
globular head region of the neuraminidases lies withim the 
binding site for antibody NCJO [8], NCIO is a monoclonal 
antibody (Ig^?2a»K), which was raised against N9 neuramimdase 
from inriacnza virus A/Tcrn./AustraUa/G70c/75 [10]. 
Prelimkmy sequence data obtained from RNA (G Air, personal 
comxnunication) were used in the cady stages of stnictuie refine- 
ment. However* citors in the sequence for CDR H2 and CDR 
H3 hampered the refinement^ so the Vj^ arxd V^^ genes were 
sequenced by the polymerase chain reaction (PGR) which 
yielded the current sequence [17] (GenBank accession code 
1710410). The V„ domain consists of 122 residues, numbered 
Hl-Hl 13 [51]» with insertions H52A, H52A-C and HIOOA-E, 
The Vj^ domain consist* of 109 residues, numbered L1~L109, 
and no insertions. Like NCIO, NC41 is also a mouse mono- 
clonal antibody {IgG2a,K)» raised against tern N9 ncurambidasc 
[10]* Preliminary RNA sequences for V^^ and Vj^ genes {G Air^ 
personal communication) were superseded by sequences 
obtained by PGR, The dom^ consists of 120 residues, 
numbered HI -HI 13, with insertions H52A, H82A-<: and 
H100A-~C [52] (GcnBank accession code The V^^ 

domain consists of 109 residues, numbered L1-L109, and no 
insertions pA Dougan and PJ Hudson, personal commuiuca- 
tion; GetiBank acccsnon code 

Crystals of die NCIO Fab--whaie N9 nettraminidase complex 
grow under very similar conctitions to diosc found for uncom- 
plexed tcm N9 neuiaminidase and for the NC41 Fab-tem N9 
neuraminidase complex Equal volumes of neuraminidase and 
Fab fiagmcnt of the antibody, lO-^lSmgrnT^ in IJM potassium 
l^osphate pH6.6^ were equilibrated ihrougji the vapour phase 
against 1.9M potas^um phosphate, pH6*8, Crystals are tctrago- 
nalt with unit cell paxamctcrs a==17t.sA» c==160,2A, and they 
belong to the space group 1422, Crystals of the tcm N9 ncu- 
raminidasc-NClO complex can also be grown in this way but 
they arc not well-ordcxed [8]. Crystals used for the hi^cr-rcso- 
ItEtion study rijportcd.hetr. have.somewl^^ cell parame- 



ters of 3= 169 .4 A and c -156.9 A, This is probably due to the 
lower temperature of data collection (-1 S^C) than in earlier 
experiments {~19''C). The asymmetric unit of the crystals 
cont^bs one neuranunidase subunit and one Fab fragment* The 
tetrameric neuraminidase-Fab complex therefore lies on the 
cr/staUographic fbur-fbid axis [30], 

Data coUectfon and reduction 

The data set used for initial structure determination was 
collected on film using a rotating anode X-ray source 
(X=I.54A). The resolution limit was about 3 A. Films were 
processed with OSCILLATION [55] and merged and scaled in 
PROTBIN {54]. There were 45351 observations of IS 767 
independent reflection representing only 70% of the possible 
data to 3 A. The mcrgit^ R-value was 11%. Higher-resolution 
data were collected on beam line 6A2 at the Photon Factory 
(X=1,04A) using scrccnlcss Wcisscnberg geometry and Fuji 
image plates as the detector. Data were processed widh IMAGE 
(MC Lawrence, personal communication) and WBIS [55^6] 
and merged and scaled in PR.OTEIN. Tlierc arc 176473 obscr- 
vatioto of 31862 independent reflections to 2.2 A resolution 
with a merging R-valuc of 9.5%. Data for which F<2<r(jP) were 
excluded from the data set These synchrotron data have not 
been merged with the earlier film data because of small differ- 
ences in unit cell dimensions. The data set is 17% complete in 
the outermost shell used in this analysis (2.2 A) and is 55% 
complete overall to 2.2 A (Fig. 1). At 2.5 A resolution the data 
set is 30% complete in the outermost shelly and 70% complete 
DveralL Using this data set, the NClOFab-ncuraminidasc 
complex has been refined to a nominal resolution of 2.5 A. 
Althoogh relatively incomplete^ the 2,5-2,2 A data were 
included in tibe refinement becatise they improved the quality of 
electrctn density maps, which were important for the reliable 
placement of water molecules. 

Stucture determination 

Patterson search procedures- were used to locate the neu- 
raminidase moiety which lies on the ctystallographic four-fold 
axis, A rotation function using difection data between 6 A and 
4 A and Patterson vector lengths between 9 A and 50 A indicated 
an orientation (with peak hei^t 4.5Qr above background for the 
neuraminidase tetramer. Packing considerations restrict the 
possible positions of the tetramer along the four>-fold axis to 
widiin about 20 A. A one-dimensional search for the location of 
die tetramer along dw? four-^fold axis uwng CORELS [ST] led to 
a coxrektion coefficient of 0.24 between observed and cakubted 
difectiion data in the resolution ran^ 6-SA, Backgrotmd levels 
of the co2ielation function were of die order of 0.1 , The strong 
lugnal in diis case may relate to the subsequent finding that the 
constant domains of the Fab B-agment arc disordered in the 
crystal and that the neuraminidase therefore represents two- 
thirds, and not onc-hal^ of die scattering volume. 

Three heavy atom derivatives, potassium platinum tctrachlonde 
and diamino-dinilrO'-platinum (long and short soaks) were 
piepared* and were solved by difTcrcncc Patterson techniques. 
The resi^^mg figure of merit was 0.56 to 3,5 A resolution with 
s^nal to noise ratioft for the three derivatives of 0,80, 0.95 and 
l.OS, respectively. Flme combinatioii from the partial structure;^ 
the heavy atoms and solvent Ibttenit^ [5S] based on a solvent 
volume of 55%, led to an electron density map in which the 
vadable module only of die antibody could be recognized. The 
C^ backbones of the two variable domains were fitted to the 
Fourier map by a limited lox-dimensional search procedure. The 
average density at each atom was 0*95 times the standard 
deviation of the map for the domain and 0.6 times for the 
domain. Correlation of the model with the map improved 
when an envelope based on the model, which included an 
. estimate oJ(;itlie,yoLuip: ;oc 
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iiscd for K>lvcnt fbttcnifig. Mean den^itly »t tbc atoms in the 
two domains was now 1.23 times the standard deviation of the 
map for the V^^ domain and 0.9S times for the V^^ domsin. 
Sub&equcfst attempt* to locate density for the constant domains 
by iaicltading phases £rom die refined structure have not been 
successful' 

Refinement 

Structure rcfiincmcnt against the fdm data $ct began with 
CORELS, wida neuraminidase, V^^ md created as three rigid 
bodies [50]. Further refinement wiUi 6vc rounds of X-PLOR 
[59], three including hi^ tempcratitre dynwnics and simulated 
annealiiig of the structure, led to a model with an Revalue of 
0,20 aiwi an rms deviation for bond lengths of 0.014 A [52,60]. 

Six rounds of X--?tOR refinement (widi the parameter set of 
Eiigh and Hubcr {61]) and manual mode] building were under- 
taken with tlte synchrotron data set. The first three of these 
included molecular dynamics at lnjgh temperature (2000 K) and 
simulated annealing, along with refinement of restrained individ- 
ual isotropic temperature factors and conventional positional 
rejSnement- Water molecules were added to the model during 
the fmal three rounds of refinement. A water molecule was 
included only if there were corresponding peaks in the 2^^-^^ 
electron density map (above Icr) and the F^-F^ electron density 
map (above 3.5cr), and if the putative water molecule was in a 
plausible position for hydrogen bonding. Any water molecule 
which refined with a B-value above 25 or poor 2F^-F^ 
density (below 1 a) was removed firom the model. 

Analysis 

The structures used for comparison with the NCtO Fab-neu- 
raminidasc complex were: the NC4t Fab-tcm N9 neuraminidase 
complex {PDB entry Inca [6]). the tern N9 neuraminidase 
mutant Scr370"^Leu (PDB entry 2nn9 [15])^ wild-type tcm N9 
neuraminidase (PDB entry lnn9 (15] and jN Varghcse, unpub- 
lished data) and the NC41 Fab-whak N9 neuraminidase 
complex (PDB entry Incd [6]). These structures are refined with 
an estimated coordinate error of approxlmaccly 0,5 A, 

intermolccular contacts were calculated with CONTACSYM 
[62]. Hydrogen bonds were assigned in QUANTA [63] with a 
maximum distance of 3.5 A as described in [6]. Surface area 
bimed between molecules was calculated widi MS f64] with a 
probe radius of 1.7 A and extended van der Waals radii [65]. 
Least<-squares fitting of structures* and calculation of rms differ- 
ences between structures^ were performed with X-PLOR and 
HOMOLOGY [66]. The shape complementarity cocffkicnt $^ 
was caicidatcd as described [31]. 

The atomic coordinates of the NClO Fab-whale N9 neu- 
raminidase complex structure have been ikpowted with the 

Brookhaven Protein Data Bank. 
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